




Fatigue crack growth in dissimilar media.
Fu-Long Lieu
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Applied Mechanics Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Lieu, Fu-Long, "Fatigue crack growth in dissimilar media." (1981). Theses and Dissertations. Paper 2399.




Presented to the Graduate Committee 
of Lehigh University 
in Candidacy for the Degree of 





ProQuest Number: EP76675 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
uest 
ProQuest EP76675 
Published by ProQuest LLC (2015). Copyright of the Dissertation is held by the Author. 
All rights reserved. 
This work is protected against unauthorized copying under Title 17, United States Code 
Microform Edition © ProQuest LLC. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
This thesis is accepted and approved in partial fulfillment of 
the requirement for the degree of Master of Science. 
(date) 
George C. Sih 
Professor in Charge 
Chairman of Department 
-u- 
ACKNOWLEDGEMENTS 
The author wishes to express his gratitude to his advisor, Professor 
George C. Sih, for his guidance and encouragement which made this work 
possible. 
Acknowledgement is due to Dr. R. Badaliance for supplying the experi- 
mental data. 
Thanks are also due to Mrs. Barbara DeLazaro and Mrs. Connie Weaver 
for their care and patience in the preparation of the final manuscript. 
■in- 
TABLE OF CONTENTS 
Page 
CERTIFICATE OF APPROVAL ii 
ACKNOWLEDGEMENTS iii 
LIST OF TABLES vi 
LIST OF FIGURES *» x 
ABSTRACT 1 
INTRODUCTION 2 
BACKGROUND INFORMATION 3 
STRAIN ENERGY DENSITY THEORY 6 
STRAIN ENERGY DENSITY FACTOR 6 
STRAIN ENERGY DENSITY FACTOR RANGE 7 
BASIC ASSUMPTIONS 8 
EVALUATION OF THE FATIGUE PARAMETERS 11 
A SIMPLE EXAMPLE 12 
STRESS INTENSITY FACTOR RANGE MODEL 12 
CRACK GROWTH IN DISSIMILAR MEDIA 16 
FATIGUE LIFE PREDICTION 27 
CONSTANT INCREMENT CRACK GROWTH                        " 53 
FATIGUE LIFE PREDICTION 53 
CRACK GROWTH RATE 56 
CONCLUSION 59 
REFERENCES 62 
APPENDIX I:   DERIVATION OF THE STRAIN ENERGY DENSITY 
FACTOR S 64 
■TV- 
TABLE OF CONTENTS - CONTINUED 
APPENDIX II:  (TABLES 1-15) - EXPERIMENTAL DATA FOR THE 
Page 
AK-, AND THE AS MODEL 68 
APPENDIX III: CRACK GROWTH AND RATE RELATIONS FOR 300M 
STEEL, Ti-6A£-4V TITANIUM AND 7075-T6 
ALUMINUM 84 
APPENDIX IV:  FATIGUE PARAMETERS FOR AK-, AND AS MODEL FOR 
FIVE METAL ALLOYS 91 
VITA 93 
-v- 
LIST OF TABLES 
TABLE 1 - THE FUNCTION * AND y FOR Ai-STEEL-As. COMPOSITE 
WITH E^/E2  = 3.0 AND v-, = v? = 0.33 
TABLE 2 - FINAL CRACK LENGTH FOR A£-STEEL-A£ COMPOSITE WITH 
E.,/E2 = 3.0, v-, = v2 = 0.33, a =  1034.25 MPa AND 




TABLE 3 - STRAIN ENERGY DENSITY FACTORS FOR A£-STEEL-A£ 
COMPOSITE WITH E-,/E2 = 3.0, v}  = v2 = 0.33, 
°max = 1034-25 MPa' amin = °-° MPa AND (AW/AV)C 
= 30.434 MN/m2 23 
TABLE 4 - STRAIN ENERGY DENSITY FACTORS FOR A«,-STEEL-A£ 
COMPOSITE WITH 3 = 90°, E-,/E2 = 3.0, v}   = v2 
= 0.33, r 2.00 x TO"5 m, a. = 2.54 x 10"4 m, 
a
max = 1034-25 MPa> 0min = °-° MPa AND (AW/AV)C 
= 30.434 MN/m2 25 
TABLE 5 - STRAIN ENERGY DENSITY FACTORS FOR A£-STEEL-A£ 
COMPOSITE WITH 3 = 45°, E-,/E2 = 3.0, v-, = v2 
= 0.33, r 1.37 x TO"5 m, a.  = 2.54 x 10 4 m, 
amax = 1034-25 MPa' amin = 0'° MPa AND (AW/AV)C 
= 30.434 MN/m2 26 
TABLE 6 - THE FUNCTION $ AND V FOR STEEL-Al>-STEEL COMPOSITE 
WITH E.j/E2 = 0.3 AND v., = \>2  = 0.33 28 
-vi- 
LIST OF TABLES - CONTINUED 
TABLE 7 - FINAL CRACK LENGTH FOR STEEL-A<>-STEEL COMPOSITE 
max 
Page 
WITH E1/E2 = 0.3,  V]   = v2 = 0.33,  a = 413.7 MPa 
AND DIFFERENT CRACK ANGLE  8 29 
TABLE 8 -  STRAIN  ENERGY DENSITY FACTORS FOR STEEL-As>-STEEL 
COMPOSITE WITH E-,/E2 = 0.3, v,  = x>2 = 0.33,  a 
= 413.7 MPa,  a   •     = 0.0 MPa AND  (AW/AV) ttnn c 
=6.35 MN/m2 30 
TABLE 9 - STRAIN ENERGY DENSITY FACTORS FOR STEEL-Aa-STEEL 
COMPOSITE WITH 6 = 90°, E-,/E2 = 0.3, v., = v£ 
= 0.33, rQ  = 1.75 x 10~5 m, ai = 2.54 x 10~4 m, 
a
max = 413-7 MPa' CTmin = 0'° MPa AND (AW/AV)C 
=6.35 MN/m2 31 
TABLE 10- STRAIN ENERGY DENSITY FACTOR FOR STEEL-A£-STEEL 
COMPOSITE WITH p = 45°, E-,/E2 = 0.3, v., = v? 
= 0.33, rQ = 1.895 x 10"5 m, a. = 2.54 x 10"4 m, 
°mav = 
413-7 MPa, o • = 0.0 MPa AND (AW/AVL max mm v    'c 
=6.35 MN/m2 33 
TABLE 11- FATIGUE CRACK GROWTH FOR An-STEEL-A^ COMPOSITE 
WITH B = 90°, E-,/E2 = 3.0, v., = v2 = 0.33, N. 
= 0, rQ  = 2.00 x 10"5 m, ai = 2.54 x 10-4 m, 
om3V = 1034.25 MPa,  am,„ = 0.0 MPa AND (AW/AVL rrid A in i n c 
= 30.434 MN/m2 36 
- v i i - 
LIST OF TABLES - CONTINUED 
Page 
TABLE 12- FATIGUE CRACK GROWTH FOR A£-STEEL-A£ COMPOSITE 
WITH 0 = 45°, E1/E2 = 3.0, v-, = v2 = 0.33, Ni 
= 0, rQ = 1.37 x 10"5 m, a. = 2.54 x 10~4 m, 
a        =  1034.25 MPa, a   .  =0.0 MPa AND (AW/AV) nicix mi n c 
= 30.434 MN/m2 38 
TABLE 13- FATIGUE LIFE PREDICTION FOR A£-STEEL-AJI COMPOSITE 
WITH E-,/E2 = 3.0, v] = v2 = 0.33, a. = 2.54 
x 10~4 m, a   = 1034.25 AND a . = 0.0 MPa 
max mm 
CORRESPONDING TO DIFFERENT CRACK ANGLES 42 
TABLE 14- FATIGUE LIFE PREDICTION FOR A2-STEEL-A*. COMPOSITE 
WITH E.,/E2 = 3.0, v-, = v2 = 0.33, a. = 2.54 
x 10"4 m, a v = 1034.25 MPa AND a . = 517.25 MPa max rrnn 
CORRESPONDING TO DIFFERENT CRACK ANGLES 43 
TABLE 15- FATIGUE LIFE PREDICTION FOR STEEL-A£-STEEL COM- 
POSITE WITH E.,/E2 = 0.3, v1 = v2 = 0.33, ai 
= 2.54 x 10"4 m, amax = 413.7 MPa AND omin 
= 0.0 MPa CORRESPONDING TO DIFFERENT CRACK ANGLES    44 
TABLE 16- FATIGUE LIFE PREDICTION FOR STEEL-A£-STEEL COM- 
POSITE WITH E-|/E2 = 0.3, v-, = v2 = 0.33, a. 
= 2.54 x 10"4 m, amax = 413.7 MPa AND 0min 
= 206.85 MPa CORRESPONDING TO DIFFERENT CRACK 
ANGLES 45 
-viii- 
LIST OF TABLES - CONTINUED 
Page 
TABLE 17- FATIGUE CONSTANT INCREMENT CRACK GROWTH FOR 
As>-STEEL-A£, COMPOSITE WITH 6 = 90°, E-,/E2 
= 3.0, v-| = v2 = 0.33, N. = 0, a. = 2.54 x 10"4 m, 
Aa = 2.0 x 10~5 m, amax = 1034.25 MPa AND amin 
= 0.0 MPa 54 
-ix- 
LIST OF FIGURES 
Page 
Figure 1 - Cyclic loading with Aa = a „ -om- and a 3 3
        max min    m 
= (a  +o . )/2 4 v
 max mm' 
Figure 2 - Crack tip region; (a) core region; (b) continuum 
element 9 
Figure 3 - A center cracked panel subjected to cyclic loading   13 
Figure 4 - Fatigue life prediction of center crack panel with 
om,v =210 MPa and a . = 0.0 MPa for 7075-T6 max mm 
aluminum, 300M steel and Ti-6A£-4V titanium       15 
Figure 5 - Dissimilar media: Case (1) Aluminum-Steel-Aluminum, 
E-i/E- = 3.0 and Case (2) Steel-Aluminum-Steel, E^/E^ 
= 0.3 17 
Figure 6 - Variable increment r. (j = 0,1,2,—,c) correspond- 
ing to strain energy density factors in an element 
ahead of the growing crack 18 
Figure 7 - Fatigue crack growth for Asi-Steel-A£ composite with 
6 = 90°, E-,/E2 = 3.0, v1 = v2 = 0.33, H.  = 0, a. 
= 2.54 x 10"4 m, amax = 1034.25 MPa and amin 
= 0.0 MPa 37 
-x- 
LIST OF FIGURES - CONTINUED 
with E-|/E2 = 3.0, v-, = v2 = 0.33, N. = 0, ai 
= 2.54 x TO"4 m, amax = 1034.25 MPa and amin 
= 0.0 MPa corresponding to different crack angle 
Figure 12 - Fatigue crack growth for A«.-Steel-A£ composite 
with E.j/E2 = 3.0, v1 = v2 = 0.33, N.. = 0, ai 
= 2.54 x 10"4 m, amax = 1034.25 MPa and am-n 




Figure 8 - Fatigue crack growth for Aa-Steel-Ad composite 
with g = 45°, E-,/E2 = 3.0, v-, = v? = 0.33, H. 
= 0, ai = 2.54 x 10"4 m, om&x  = 1034.25 MPa and 
amip = 0.0 MPa 39 
Figure 9 - Fatigue crack growth for Steel-Ad-Steel composite 
with 3 = 90°, E1/E2 = 0.3, v-, = v? = 0.33, Ni 
= 0, a. = 2.54 x 10~4 m, omgx = 413.7 MPa and 
amin = 0.0 MPa 40 
Figure 10 - Fatigue crack growth for Steel-Aji-Steel composite 
with (3 = 45°, E-,/E2 = 0.3, v., = v2 = 0.33, Ni 
= 0, a.  = 2.54 x 10"4 m, amx = 413.7 MPa and 
a  ■    =0.0 MPa 41 
mm 
Figure 11  - Fatigue crack growth for A£-Steel-A£ composite 
46 
LIST OF FIGURES - CONTINUED 
Figure 13 - Fatigue crack growth for Steel-Aa-Steel composite 
Pa^e 
with  E-j/E2 = 0.3,  v1   = v2 = 0.33,  Ni  = 0,  a- 
= 2.54 x 10"4 m,  a    v = 413.7 MPa and a  . max mm 
= 0.0 MPa corresponding to different crack angle 
48 
Figure 14 - Fatigue crack growth for Steel-A£-Steel composite 
with E.,/E2 = 0.3, v-] = v2 = 0.33, Ni = 0, a.. 
= 2.54 x 10-4 m, a    „ = 413.7 MPa and a  . 
max mm 
= 206.85 MPa corresponding to different crack 
angle 3 49 
Figure 15 - Stress intensity factors versus crack angle e with 
different ratios a/h for A£-Steel-A£ composite    51 
Figure 16 - Stress intensity factors versus crack angle g with 
different ratios a/h for Steel-A£-Steel composite  52 
Figure 17 - Crack growth rate with E,/E2 = 0.3, v, = v2 = 0.33, 
a   = 1034.25 MPa and a . = 0.0 MPa for Ai-Steel- 
max min 
A£ composite corresponding to different crack angle 
57 
Figure 18 - Crack growth rate with E-,/E? = 0.3, v, = v? = 0.33, 
omav = 413.7 MPa and a • = 0.0 MPa for Steel-A*.- max min 
Steel composite corresponding to different crack 
angle 6 .. 58 
-xn- 
ABSTRACT 
This work deals with stable crack growth in dissimilar media sub- 
jected to cyclic loading. A crack is assumed to prevail in a layer 
sandwiched between two dissimilar materials. The model simulates ma- 
trix failure in an unidirectional fiber-reinforced composite. Analy- 
ses are made on the steel-aluminum-steel and aluminum-steel-aluminum 
metal composites. By knowing the fatigue properties of the individual 
constituents, i.e., the aluminum and steel, the fatigue lives of the 
composites can be predicted from the strain energy density theory. 
This theory focuses attention on the energy stored in an element ahead 
of the crack and accounts for both the mean stress and stress ampli- 
tude. This is unlike the conventional approach where only the stress 
amplitude is included. Moreover, the strain energy density theory also 
addresses the non-uniform rate of incremental crack growth which is an 
essential failure of fatigue crack propagation. Available experimen- 




One of the basic assumptions of fracture mechanics is that all 
structural components contain initial flaws or cracks and that atten- 
tion can be focused on a dominant crack. Due to the combined effects 
of loading and mechanical constraint, a crack can grow slowly at first 
in a stable fashion and reach the stage of rapid crack propagation when 
the integrity of the structure is overcome. This can occur under ei- 
ther monotonic or cyclic loading. Therefore, it is not the objective 
of fracture mechanics to eliminate cracks but to be able to forecast 
the remaining strength or life of structural components with cracks. 
This information is useful for establishing procedures related to in- 
spection, proof test, quality control and design. Fracture mechanics 
is now a well recognized discipline at the international level and is 
particularly vital to those countries who are developing heavy indus- 
tries. 
BACKGROUND INFORMATION 
It is customary to plot the crack growth rate da/dN versus the 
range of Mode I stress intensity factor AK, on a logarithmic scale. A 
two parameter relation has been suggested [1]: 
§=A(AK1)m (1) 
where m and A are parameters to be determined experimentally. The form 
of equation (1), however, is subject to several restrictions that may 
not be obvious at first glance. First, equation (1) applies only to 
self-nonlinear cracks where the applied load must be normal to the 
crack plane. This situation does not apply to combined loading situa- 
tions. Next, the mean stress a = (am3„ + a,„)/2  is not included m    max   min 
which is known to be an important factor [2] that can significantly in- 
fluence the crack growth rate da/dN. Refer to Figure 1 for the defi- 
nition of the stress quantities. On basic grounds, both a   and stress 
amplitude Aa = a ,„ - a • should be included in a relationship of r
 max   mm r




 'Snax ~ 'Snin anc* tne mean stress intensity factor K = (!<_,,.. 
+ K.n)/2 [3] may be used if the stress analysis is based on the linear 
theory of elasticity. 
Since the definition of a constant amplitude and frequency loading 
requires the inclusion of at least two stress parameters selected from 
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da/dN = BfAK-KjP (2) 
should be assumed. In equation (2), B and p are assumed to be con- 
stants [3]. Other combinations of AK and ^are also possible. 
The strain energy density theory mentioned earlier possesses this 
feature and will be used to study the fatigue of composites. It also 
has the additional advantage that the location where the strain energy 
density factor attains minimum can be used to predict the direction of 
crack initiation in complex stress environments. 
STRAIN ENERGY DENSITY THEORY 
The strain energy density theory as applied to the fracture of 
solids was proposed by Sih [4,5].  It assumes that the critical value 
of the local strain energy density is associated with the onset of rap- 
id crack propagation and is a material constant. The direction of crack 
growth is first determined from the location of minimum strain energy 
density. 
STRAIN ENERGY DENSITY FACTOR 
For an isotropic, homogeneous and elastic material, the strain ener- 
gy density factor S takes the form [4,5] 
S = a-|-|k? + 2a ?k-,k2 + a^ok^ + a33k3 (3) 
in which k,, k~ and k3 are the stress intensity factors corresponding 
to Mode I, II and III crack extension. They can be more precisely re- 
ferred to loadings such as in-plane extension, in-plane shear and anti- 
plane shear. The coefficients a.. (i,j = 1,2,3) are given by 
16ya-,.| = (3-4v-cose)(l+cose) 
16pa,2 = 2 sine(cose-l+2v) 
(4) 
16ya22 = 4(l-v)(l-cose) + (3 cose-1)(l+cose) 
16ya33 = 4 
-6- 
where v is the Poisson's ratio and p is the shear modulus. (Refer to 
Appendix I for a derivation of S from the crack tip stresses). 
Under monotonic loading, the strain energy density or S-criterion 
assumes that 
1. Crack initiation takes place in a direction along which S is a 
relative minimum, i.e., 
fjUo(£f>0)fore = 80;S-Sm1n (5) 
2. Unstable crack growth occurs when S . reaches a critical value, 3
mm 
Scr, i.e., 
Sm-in = S^>  f0r 6 = 6~ (6) m   cr      o 
* 
The value S  can be related to K-,  and is assumed to be charac- 
teristic of the material. 
STRAIN ENERGY DENSITY FACTOR RANGE 
If hypothesis (1) is assumed to carry over to cyclic loading, then 
the range of strain energy density AS corresponding to one cycle of 
loading can be written as [6] 
AS = (S . )  - (S . ) . for e = e (7) v
 mm'max  v mm'mm       o ' 
* 





 (Wmax and ^mJmin corresP°nd- respectively to omax 
and o  .   .    By means of equation (3), it is found that 
2 . 2 
^min^llK^M   " <kl> . ] + 2a12(9Q)[(k1)  (k2) 
max     mm max   max 
2 2 
I  - (k2) 
rain  min      "    max     min 
(kj)  (k2)  ] + a22(eo)[(k2)  ] 
+ a33(e )[(k3)2  - (k3)2 ] .    (8) 
max     min 
Defining the stress intensity factor range Ak. and the mean stress in- 
tensity factor k\ (j = 1,2,3), equation (8) becomes 
AS
min = 2[a11(eo)k1Ak1 + a^e^k^ + k^) 
+ a22(eQ)l<"2Ak2 + a33(e0)^3Ak3] (9) 
For Mode I loading, equation (9) reduces to 
AS
min = 2allVkl <10> 
BASIC ASSUMPTION 
In what follows, the strain energy density theory will be employed 
to predict the fatigue life of structural member with cracks. Con- 
sider an element of material ABCD at a finite distance r away from 
the crack tip as shown in Figure 2(a). The distance r is known as 




Figure 2 - Crack tip region; (a) core region; 
(b) continuum element 
-9- 
^ 
terial plays a role. The stresses acting on the element are shown in 
Figure 2(b). Failure is assumed to occur when the stored energy in 
the element reaches a critical value after a finite number of cyclic 
N 
loading AN, i.e., £ (AW/AV) . = constant. When the foregoing condi- 
j = l      J 
tion is weighted in terms of an average AW/AV value, then it is possi- 
ble to write (AW/AV)AN = constant. From the known relation that 
AW/AV = As/Ar, it follows that 
A Y* 
-rr = constant • AS (11) 
in which AS can in general be computed from a nonlinear constitutive 
equation such that irreversibility of the fatigue process may be in- 
cluded [8]. In this study, AS will be obtained from the linear theory 
of elasticity as indicated by equation (9) and hence equation (11) 
will be modified to read as 
in which Ar has been replaced by differential, da, and C and n are 
parameters found experimentally. The validity of equation (12) as 
compared with the original assumption of the strain energy density 
theory shown by equation (11) can be better understood by solving a 
nonlinear problem [8] which defines the path dependent nature of the 
fatigue process. Note that the initial and final crack size are 
known for both the linear and nonlinear analysis. 
-10- 
EVALUATION OF THE FATIGUE PARAMETERS 
The procedure for finding the parameters C and n in equation (12) 
is straightforward. A fatigue test is performed by recording the re- 
lationship between crack length a and number of loading cycle N for 
different stress ratios R = o . /o  . The data in this investigation 
mm' max 3 
refer to R = 0.02, 0.50 and -1.0. The slope of the a versus N curve 
yields the crack growth rate da/dN. Assuming that the element ABCD in 
Figure 2(a) and applied cyclic stress are in phase in terms of stress 
amplitude and frequency, then equations (7) and (9) can be used to com- 
pute AS. A log-log plot of da/dN as a function of AS can thus be ob- 
tained. The parameter C is the y-intercept and n is the slope of the 
line which can be obtained by the method of least square regression. 
The results [9] are given in Tables A-l to A-15 in Appendix II for 
five different materials HP9-4-0.30 steel, 300M steel, 7075-T6 alumi- 
num, 7049 A£. and Ti-6A2.-4V mill annealed titanium. Appendix III al- 
so gives the a versus N plots for the 300M steel, Ti-6A£-4V titanium 
and 7075-T6 aluminum, Figures A-l to A-3. The crack growth rate re- 
lationships are expressed in terms of AK, and AS. They are displayed 
graphically in Figures A-4 to A-9 in Appendix III. Finally, Table 
A-l6 summarizes the fatigue parameters A and m for the AK-. model in 
equation (1) and n for the ASmin model in equation (12) for the five 
foregoing metal alloys in Appendix IV. 
■11- 
A SIMPLE EXAMPLE 
Consider the simple example of a center crack specimen shown in 
Figure 3. For a crack of length 2a, the stress intensity factors for 
this problem are 
k-j = o/a,  k2 = k3 = 0 (13) 
STRESS INTENSITY FACTOR RANGE MODEL 
By means of equation (1), the crack growth rate may be estimated 
from 
^= A(AK)m = A(AaAi-)"1 (14) 
where Aa = a   - a . . This leads to the expression 
max   mm r 
2-m   2-m 
Nf = FT  »f   " ai  ] (15) f
  A(Aa)m(2-m)/7  r     n 
with a. and af being the initial and final half crack length. 
STRAIN ENERGY DENSITY RANGE MODEL 
Alternatively, equation (12) based on AS may be used which will 
yield a life prediction different from that in equation (15). Apply- 
ing the condition 3S/39 = 0 on AS in equation (10), the fracture angle 




Figure 3 - A center cracked panel subjected to cyclic loading 
■13- 
^C[^aAoom] (16) 
Integration leads to the result 
Nf = f~ '- (17) T
-l-2v n C(l-n)[^Aoom] 
which is different from equation (15) such that both Aa and a    are now 
included. 
Therefore, the number of cycles N, can be estimated from equation 
(15) or (17) for conditions other than these tested. For instance, the 
values of A, m, C and n given in Table A-16 of Appendix IV were ob- 
tained from data supplied in [9] based on values of R = 0.02, 0.50 and 
-1.00. Refer to Figures A-4 to A-9 for a graphical representation of 
the data for 300M steel, Ti-6A£-4V titanium and 7075-T6 aluminum. It 
is of interest to investigate the effect of mean stress or R value on 
the fatigue life predicated from equation (15) and (17). Suppose that 
a , = 210 MPa and a . =0 with R=0, a condition that was tested, 
max mm 
Using the values of A, m, C and n in Table A-16 for the three afore- 
mentioned materials, the relations for a versus N are obtained and 
shown in Figure 4. Note that the curves are substantially different. 
The AS model yields results that are more conservative than the AK-, 
model. In general, it can be seen from the crack growth rate da/dN 
versus AK-. or AS plots in Figures A-4 to A-9 that AK-, model is much 
more sensitive to changes in the mean stress or R value. 
-14- 
14 da       „,. „ dN   "  c*ASmir 
da                     m 
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Figure 4 - Fatigue life prediction of center crack panel 
with a        = 210 MPa and a  .    = 0.0 MPa for max mm 
7075-T6 aluminum, 300M steel and Ti-6A£-4V 
titanium 
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CRACK GROWTH IN DISSIMILAR MEDIA 
The procedure for predicting fatigue crack growth will now be ex- 
tended to analyze the problem of dissimilar media with a cracked layer 
whose elastic properties differ from those of the surrounding materi- 
als. The configuration is shown in Figure 5 where the crack of length 
2a is inclined at an angle 3 with reference to the applied cyclic ten- 
sile stress. 
Two different combinations of materials will be considered. In the 
first case, the cracked layer with properties E,, v, will be made of 
steel while the outer layer with properties Ep,  v~ are made of alumi- 
num. The second case considers the situation where the two materials 
will be interchanged. 
As mentioned earlier, fatigue is a path dependent progress and the 
rate of crack growth depends on the irreversible nature of energy dis- 
sipated during crack growth. The increment of crack growth is not nec- 
essarily constant. According to the strain energy density theory, each 
increment of crack growth r , r,, r„,—,r.,—r is governed by 
N
  AW   
s
„  
si  $9       S.       Sr 
J=l    J   0   1   2       j       c 
in which S , S,, S?,—,S.,—,S are the corresponding strain energy 
o   I   C J      c 
density factors in an element ahead of the growing crack, Figure 6. 
* 
For an unstable process 
* 
This corresponds to a crack which is completely engulfed in a uniform 




Figure 5 - Dissimilar media: Case (1) Aluminum-Steel-Aluminum, 
VE2 = 
= 0.3 




Figure 6 - Variable increment r. (j = 0,1,2,—,c) 
corresponding to strain energy density 
factors in an element ahead of the grow- 
ing crack 
-18- 
i"„ < r, < r0 < — < r. < — < r (19) o   i   2       j       c 
and 
S < S, < S,, < -— < S. < -— < S (20) 
o   1   2       j       c v  y
Although AS . in equation (12) is computed from a linear analysis 
involving no damage accumulation, the condition in equation (18) can 
N 
still be applied by assuming that I    (AW/AV). is equivalent to some 
j=l      J 
average value (AW/AV)AN = (AW/AV) = constant such that the ratio S./r. 
c J J 
(j = 1,2,—,c) is kept as a constant during crack growth. 
Case I. Aluminum-Steel-Aluminum. Referring to Figure 5, the mate- 
rial properties for 7075-T6 aluminum and HP9-4-0.30 steel are given in 
Table A-16, Appendix IV. The stress intensity factors for the dissimi- 
lar material system are given by [10]: 
k, = <bo/a  sin2e = $(a/h, E,/E„, v,, v?)o/a  sin2e 
(21) 
k„ = To4 sine cose = H<(a/h, E-,/E2, v,, v^Jot^T sine cose 
-4 
where * and v are functions given in Table 1 with h = 2.54 x 10  m 
The crack is assumed to propagate in the sandwiched layer made of 
steel, such that e =0. The onset of fracture corresponds to S . 





TABLE 1 - THE FUNCTION * AND <r FOR A2-STEEL-A£ COMPOSITE 



































Scr =  *!lkfc = (1+v^-2v) Kfc -  ank| + a22kj (22) 
Using the polynomial regression method, $ and f in Table 1 may be 
expressed analytically as 
= 0.99897 + 0.36755(a/h) - 0.75332 x 10_1(a/h) 
(23) 
+ 0.50226 x 10"2(a/h)3 + 0.19344(a/h)4 
T = 1.0025 + 0.92127 x 10_1(a/h)  - 0.14264 x 10_1(a/h) 
+ 0.12424 x 10"2(a/h)3 - 0.26777 x 10-4(a/h)'f 
Hence, equation  (23) can be expressed in the form 
a^sin^Ca^sin^ + a22v2cos2e] = K2c (1+v^'2v) (24) 
For a        = 1034.25 MPa and o  .    = 0, the final  crack length af for dif- 
ferent angle 6 can be obtained from equation (24).    The results are 
shown in Table 2.    The value of (AW/AV)    can be computed by taking the 
_5 
core radius in Figure 6 to be r    = 2.00 x 10     m for 3 = 90° and 
S    = a11<D2o2asin1+6 (25) 
-4 
with an initial  half crack length a. = 2.54 x 10     m.    This yields a 
value of SQ = 6.087 x 10"4 MN/m as shown in Table 3.    It follows that 
-21- 
TABLE 2 - FINAL CRACK LENGTH FOR Aa-STEEL-Ad COMPOSITE 
WITH E-,/E2 = 3.0, ^ = v2 = 0.33, o = 1034.25 
MPa AND DIFFERENT CRACK ANGLE a 







TABLE 3 - STRAIN ENERGY DENSITY FACTORS FOR AJ>-STEEL-AS> 
COMPOSITE WITH E^Eg = 3.0, v]   = v? = 0.33, 
a   = 1034.25 MPa, o . =0.0 MPa AND 
max mm 
(AW/AV)c = 30.434 MN/m2 
Crack an 
3 
igle Core radius 
rQ, m(10"5) 











15° 0.227 0.69645 3.22 
30° 0.778 1.0744 2.3669 3.269 
45° 1.37 1.0385 4.1703 3.16 
60° 1.778 1.086 5.4103 3.306 
90° 2.0 1.0874 6.0868 3.3096 
-23- 
(AW/AV) equals to 30.434 MN/m2 which is assumed to be a material con- 
stant. Hence, r for 0 = 15°, 30°, 45° and 60° can be determined in 
the same way once S is known from equation (25). The values of S and 0 0 
r can be found in Table 3. Equation (18) may now be applied separate- 
ly to obtain S. (j = 1,2,—,c) and r. (j = 1,2,—,c). These values 
tabulated in Table 4 indicate that the increment of crack growth tends 
to increase. The last ligament of crack growth r corresponds to in- 
cipient fracture and the critical strain energy density factor S for 
the HP9-4-0.30 steel can be computed from equation (22) by taking the 
K, =90.1 MPav€; and Ic 
s = (1+v)(l-2v) ( y =  3_445 x 1Q-3 m/ (26) 
C       dirt       IC 
so r = 1.13 x 10" m can be obtained from equation (18). Similar re- 
sults for B = 45° are given in Table 5. 
It is interesting to note that S in equation (26) computed from 
the composite material analysis for the steel layer using the first of 
equations (21) is almost equal to the S computed directly from K-, 
for the HP9-4-0.30 steel. This small discrepancy lies in the numerical 
calculation and indicates that the critical crack length of the com- 
posite system can be predicted from a knowledge of the stress analysis 
and the fracture toughness of the sandwiched steel layer only. 
Case II. Steel-Aluminum-Steel. Suppose that the middle layer is 
made of 7075-T6 aluminum instead of HP9-4-0.30 steel. In this case, 
E,/[>, = 0.3, the stress intensity k, and k~ are different from the 
-24- 
TABLE 4 - STRAIN ENERGY DENSITY FACTORS FOR A(>-STEEL-A<> 
COMPOSITE WITH 6 = 90°, E-,/E2 = 3.0, V] = v£ 




 1034.25 MPa,  o   .    =0.0 MPa AND (AW/AV) niax mi n c 
= 30.434 MN/m2 
No. of 
Increment 








S,(j = l,2, — ,c),MN/m 
J 
1 .000274000 .0006748700 
2 .0002961749 .0000246675 .0007507272 
3 .0003208424 .0000275337 .0008379589 
4 .0003483761 .0000308400 .0009385814 
5 .0003792161 .0000346639 .0010549588 
6 .0004138801 .0000390954 .0011898268 
7 .0004529755 .0000442365 .0013462886 
8 .0004972120 .0000501992 .0015277587 
9 .0005474112 .0000571015 .0017378206 
10 .0006045127 .0000650577 .0019799594 
11 .0006695704 .0000741654 .0022571409 
12 .0007437358 .0000844866 .0025712559 
13 .0008282223 .0000960303 .0029225779 
14 .0009242527 .0001087482 .0033096334 
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TABLE 5 - STRAIN ENERGY DENSITY FACTORS FOR A5.-STEEL-A2, 
COMPOSITE WITH s = ■ 45°, £^/Ez =  3.C ),  V-j  = V^ 
= 0.33, rQ  = 1.37 x 10"5 m, a. = 2. 54 x 10"4 m, 
°max = 1034-25 MPa' 
o . =0.0 MPa 
mm 
AND (AW/AV)C 
= 30.434 MN/m? 
No. of Half Crack Length 
a.(j=l,2,---,f),m 
Crack Growth Strain Energy 
Increment Increment Density Factor 
J




S (j=l,2, — ,c),MN/m 
1 .0002677029 .0004444601 
2 .0002823070 .0000155796 .0004741487 
3 .0002978866 .0000166368 .0005063233 
4 .0003145235 .0000177838 .0005412317 
5 .0003323073 .0000190297 .0005791481 
6 .0003513370 .0000203844 .0006203753 
7 .0003717214 .0000218587 .0006652467 
8 .0003935801 .0000234649 .0007141287 
9 .0004170450 .0000252161 .0007674228 
TO .0004422610 .0000271265 .0008255663 
n .0004693876 .0000292119 .0008890334 
12 .0004985995 .0000314891 .0009583353 
13 .0005300886 .0000339759 .0010340181 
14 .0005640645 .0000366913 .0011166604 
15 .0006007558 .0000396554 .0012068690 
16 .0006404112 .0000428888 .0013052738 
17 .0006833000 .0000464128 .0014125214 
18 .0007297128 .0000502489 .0015292710 
19 .0007799617 .0000544194 .0016561940 
20 .0008343811 .0000589469 .0017939840 
21 .0008933280 .0000638559 .0019433839 
22 .0009571839 .0000691743 .0021052450 
23 .0010263582 .0000749373 .0022806345 
24 .0011012955 .0000811930 .0024710209 
25 .0011824886 .0000880129 .0026785769 
26 .0012705015 .0000955074 .0029066635 
27 .0013660089 .0001038515 .0031606048 
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preceding example. The functions * and f now become 
* = 0.99287 - 0.2511(a/h) + 0.69167 x 10 ](a/h)2 
0.78728 x 10"2(a/h)3 + 0.31432 x 10"3(a/h)'t 
-l,_„.x . n  ,™ .. ,„-l,_„..2 
(27) 
>F = 1.0007 - 0.88684 x 10 (a/h) + 0.11551 x 10 (a/h) 
- 0.74545 x 10"3(a/h)3 + 0.17244 x 10"4(a/h)4 
whose values are given in Table 6. Based on the K, or S value for 
the 7075-T6 aluminum, the final crack length for different crack 
angles 3 are computed and given in Table 7. Results similar to those 
discussed earlier for the As,-Steel-Aii composite can also be obtained 
by taking at 6 = 90°. The core radius r = 1.75 x 10  m is found to 
be smaller than for the HP9-4-0.30 steel. The results corresponding 
to a   = 413.7 MPa and a  .    =0.0 MPa for the Steel-A£-Steel composite 
max mm r 
are given in Tables 8 to 10. 
FATIGUE LIFE PREDICTION 
By using the equation (12) mentioned earlier, the number of cycles 
corresponding to each increment of crack growth, r , r,, r„,—r.,— 
r , can be computed by 
d¥  C^ASmin^ ' ASmin  ^min^max " ^Smin'min 
where 
-27- 
TABLE 6 - THE FUNCTION * AND f FOR STEEL-A^-STEEL COMPOSITE 
a/h 






































TABLE 7 - FINAL CRACK LENGTH FOR STEEL-AJt-STEEL COMPOSITE 
WITH E1/E2 = 0.3, v] = v2 = 
AND DIFFERENT CRACK ANGLE 6 
-j/E 0.33, o = 413.7 MPa 







TABLE 8 - STRAIN ENERGY DENSITY FACTORS FOR STEEL-A£-STEEL 
COMPOSITE WITH E,/E0 = 0.3, v, = v0 = 0.33, a 12 I        2                   max 
= 413.7 MPa,  a   .    =0.0 MPa AND   (AW/AV)    = 6.35 MN/m2 
mm c 
Crack Angle        Core Radius      Final  Crack Strain Energy Density Factor 
6
                  r.mdO"5)           Increment s  ^H/mao'*)    S  .MN/mdO"3) 
        ^        rc,m(10-4) c                            c 
15°                       0.372                   2.688 0.2364                   1.7071 
30°                        1.203                   2.406 0.7636                   1.527 
45°                       1.895                   2.044 1.2033                   1.2977 
60°                       2.078                   2.247 1.3192                   1.426 
90°                       1.75                     2.211 1.111                      1.41 
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TABLE 9 - STRAIN ENERGY DENSITY FACTORS FOR STEEL-AJI-STEEL 
COMPOSITE WITH 6 = 
r = 1.75 x 10"5 m 
90°, E-j/E2 = 0.3, v] = \>2  = 0.33, 
, a. = 2.54 x 10"4 m, 
°max = 413-7 MPa' 
a. = 0.0 MPa AND 
rmn 
(AW/AV)C = 6.35 MN/m: 2 
No. of Half Crack Length 
a.(j=l,2,---,f),m 
Crack Growth Strain Energy 
Increment Increment Density Factor 
J
             i r-.(j=l,2,---,c),m S. 
-J     J 
.0001160008 
(j=l,2, — ,c),MN/m 
1 .0002715000 .0000182701 
2 .0002897701 .0001209064 .0000190427 
3 .0003088128 .0001258295 .0000198181 
4 .0003286308 .0001307748 .0000205970 
5 .0003492278 .0001357501 .0000213806 
6 .0003706084 .0001407666 .0000221707 
7 .0003927791 .0001458391 .0000229696 
8 .0004157487 .0001509855 .0000237801 
9 .0004395288 .0001562269 .0000246057 
10 .0004641345 .0001615878 .0000254500 
11 .0004895845 .0001670957 .0000263175 
12 .0005159020 .0001727811 .0000272129 
13 .0005431149 .0001786776 .0000281416 
14 .0005712565 .0001848219 .0000291094 
15 .0006003659 .0001912537 .0000301224 
16 .0006304882 .0001980157 .0000311874 
17 .0006616756 .0002051536 .0000323116 
18 .0006939872 .0002127164 .0000335027 
19 .0007274899 .0002207557 .0000347689 
20 .0007622589 .0002293261 .0000361187 
21 .0007983776 .0002384843 .0000375612 
22 .0008359388 .0002482390 .0000391054 
23 .0008750442 .0002587995 .0000407608 
24 .0009158049 .0002700745 .0000425366 
25 .0009583415 .0002821700 .0000444416 
26 .0010027832 .0002951366 .0000464839 
27 .0010492671 .0003090150 .0000486697 
28 .0010979368 .0003238320 .0000510034 
29 .0011489402 .0003395933 .0000534858 
30 .0012024259 .0003562765 .0000561134 
31 .0012585393 .0003738228 .0000588769 
32 .0013174162 .0003921280 .0000617600 
33 .0013791762 .0004110351 .0000647378 
34 .0014439140 .0004303305 .0000677768 
35 .0015116909 .0004497453 .0000708347 
36 .0015825255 .0004689675 .0000738622 
37 .0016563877 .0004876672 .0000768074 
38 .0017331950 .0005055377 .0000796219 
39 .0018128170 .0005223539 .0000822705 
40 .0018950875 .0005380451 .0000847418 
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TABLE 9 - CONTINUED 
No. of Half Crack Length 
a.(j=l,2,---,f),m 
Crack Growth Strain Energy 
Increment Increment Density Factor 
J r.(j=l,2,---,c),m 
.0005527779 
Sj(j = l,2, — ,c),MN/m 
41 .0019798293 .0000870623 
42 .0020668915 .0005670450 .0000893093 
43 .0021562009 .0005817626 .0000916273 
44 .0022478282 .0005983948 .0000942469 
45 .0023420751 .0006191553 .0000975167 
46 .0024395917 .0006473946 .0001019643 
47 .0025415560 .0006884206 .0001084259 
48 .0026499820 .0007513594 .0001183387 
49 .0027683207 .0008537880 .0001344712 
50 .0029027919 .0010350373 .0001630179 
51 .0030658098 .0014036672 .0002210769 
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TABLE 10 - STRAIN ENERGY DENSITY FACTOR FOR STEEL-A£-STEEL 
COMPOSITE WITH 
r = 1.895 x 10 
45°,   E^Eg = 0.3,  v]   = v2 = 0.33, 
"
5
 m,  a.   = 2.54 x 10"4 m,  o        = 413.7 MPa, i max 
mm 0.0 MPa AND (AW/AV)C = 6.35 MN/m 
2 
No. of Half Crack Length Crack Growth Strain Energy 
Increment a . (j = l ,2,---,f),m Increment Density Factor 
J r.(j=l,2,---,c),m 
.0000200787 
S.(j=l,2, — ,c),MN/m 
J 
1 .0002729523 .0001274844 
2 .0002930310 .0000212423 .0001348723 
3 .0003142733 .0000224423 .0001424915 
4 .0003367157 .0000236782 .0001503384 
5 .0003603939 .0000249495 .0001584100 
6 .0003853434 .0000262559 .0001667047 
7 .0004115993 .0000275975 .0001752225 
8 .0004391968 .0000289745 .0001839654 
9 .0004681712 .0000303876 .0001929375 
10 .0004985588 .0000318378 .0002021455 
11 .0005303966 .0000333267 .0002115987 
12 .0005637233 .0000348561 .0002213094 
13 .0005985794 .0000364285 .0002312929 
14 .0006350080 .0000380468 .0002415675 
15 .0006730547 .0000397142 .0002521543 
16 .0007127689 .0000414346 .0002630774 
17 .0007542035 .0000432121 .0002743635 
18 .0007974156 .0000450513 .0002860411 
19 .0008424669 .0000469570 .0002981405 
20 .0008894239 .0000489339 .0003106925 
21 .0009383578 .0000509869 .0003237276 
22 .0009893448 .0000531206 .0003372744 
23 .0010424653 .0000553387 .0003513581 
24 .0010978040 .0000576446 .0003659985 
25 .0011554486 .0000600400 .0003812075 
26 .0012154886 .0000625252 .0003969869 
27 .0012780139 .0000650986 .0004133255 
28 .0013431124 .0000677558 .0004301972 
29 .0014108683 .0000704902 .0004475585 
30 .0014813585 .0000732922 .0004653487 
31 .0015546507 .0000761495 .0004834905 
32 .0016308002 .0000790481 .0005018942 
33 .0017098483 .0000819730 .0005204650 
34 .0017918213 .0000849103 .0005391147 
35 .0018767316 .0000878498 .0005577784 
36 .0019645814 .0000907885 .0005764365 
37 .0020553699 .0000937348 .0005951432 
38 .0021491047 .0000967144 .0006140618 
39 .0022458191 .0000997776 .0006335103 
40 .0023455966 .0001030088 .0006540260 
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TABLE 10 - CONTINUED 
No. of Half Crack Leng th Crack Growth Strain Energy 
Increment a.(j=l,2, — ,f) ,m Increment Density Factor J 
r . (j=l,2, — -,c),m 
.0001065428 
S.(j=l,2,---,c),MN/m 
41 .0024486054 .0006764643 
42 .0025551482 .0001105910 .0007021675 
43 .0026657393 .0001154909 .0007332776 
44 .0027812301 .0001218024 .0007733509 
45 .0029030325 .0001305130 .0008286568 
46 .0030335456 .0001435092 .0009111723 
47 .0031770548 .0001648071 .0010463976 
48 .0033418619 .0002043894 .0012977144 
-34- 
(Wmax = all*2amaxasinlte + W^Lx***"2*0052* 
(Wm1n = all<f2°minasinl+B + a^o^^asin^BCos^B 
(28) 
Upon integrating equation (12), the number of cycles AN corresponding 
to an increment of crack growth Aa = a.,M - a. can be written as 
aj'+N   da 
AN = /  ^ (29) 
a. C(AS).)n j     mm 
The number of cycles that correspond to each stage of crack growth 
a. (j = 1,2,—,f) are computed from equation (29) and are given by 
Tables 4, 5, 9 and 10. For the An-Steel-A£ composite with 6 = 90°, 
E-,/E2 = 3.0, v.j = v2 = 0.33, rQ = 2.00 x 10"5 m, a.. = 2.54 x 10~4 m, 
a        = 1034.25 MPa, a   .    =0.0 MPa, (AW/AV) = 30.434 MN/m2 and N, = 0, 
max mm 'c l 
the number of cycles corresponding to each stage of crack growth are 
shown in Table 11 from which the a versus N curve can be plotted. The 
results are displayed in Figure 7. Similar results for 6 = 45° are 
given in Table 12 and Figure 8. By following the same procedure, the 
results for Steel-A£-Steel composite can also be obtained as shown in 
Figures 9 and 10. 
Tables 13 to 16 show the predictions of fatigue life for the Ax,- 
Steel-An and Steel-AJi-Steel composites with different crack angle e. 
Refer to Figures 11 to 14. 
According to Tables 2 and 7, the computed final crack length af, 
increases with decreasing crack angle 6 for both the Afc-Steel-A£ and 
-35- 
TABLE 11 FATIGUE CRACK GROWTH FOR Ad-STEEL-A* COMPOSITE 
WITH 3 = 90°, E^/E2  = 3.0, v} v2 = 0.33, N. 
0, rQ  = 2.00 x 10"J m, a. 2.54 x 10"4 m, 
°m=v 
=
 1034.25 MPa, a   .    =0.0 MPa AND (AW/AV)„ 
max 'mm '  c 
= 30.434 MN/m2 
No. of 
Runs 
No. of Cycles 
















Half Crack Length 


























N Cycles (xl(T ) 
Figure 7 -  Fatigue crack growth for A«,-Steel-A& composite 
with 6 = 90°,  E-j/E2 = 3.0, v]   = v2 = 0.33,  N.. 
= 0,  a. = 2.54 x 10"4 m, amx = 1034.25 MPa and 
a  .    = 0.0 MPa imn 
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TABLE 12 - FATIGUE CRACK GROWTH FOR A£-STEEL-A<L COMPOSITE 
WITH 6 = 45°, E^Eg = 3.0, v^  =  v2 = 0.33, K. 
= 0, r = 1.37 x 10"5 m, a. = 2.54 x 10~4 m, 
o i 
°m,v = 1034.25 MPa,  a   .    =0.0 MPa AND (AW/AV) max mm c 
= 30.434 MN/m2 






























Half Crack Length 
a.(j = i,l,2, — -,f),m 









































10        15       20       25 
N Cycles (xlO* ) 30 
Figure 8 - Fatigue crack growth for An-Steel-A* composite 
with 6 = 45°,  E^Eg = 3.0, V]   = v,, = 0.33,  N. 
= 0,  an.  = 2.54 x 10"4 m, amax = 1034.25 MPa and 






















8 12        16       20 
N Cycles (xlO3 ) 24 
Figure 9 - Fatigue crack growth for Steel-A«.-Steel  composite 
with 6 = 90°,  ^/^ = °-3' vi  = v2 = °-33' Ni  = °' 
a.  = 2.54 x TO"4 m, a    v = 413.7 MPa and a  . i max mm 






















0 4 6 8 10 
N Cycles (xlO3 ) 
Figure 10 -  Fatigue crack growth for Steel-Ai-Steel  composite 
with 6 = 45°,  E.,/E2 = 0.3,  v.,  = v2 = 0.33,  Ni  = 0, 
a.  = 2.54 x TO"4 m, a    „ = 413.7 MPa and a  . i max mm 
= 0.0 MPa 
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TABLE 13 - FATIGUE LIFE PREDICTION FOR A£-STEEL-A£ COMPOSITE 
WITH E,/E0 = 3.0,  v,   = v0 = 0.33,  a.  = 2.54 x 10"4 m, 12 12 l 
a
max = 1034-25 AND °min = °-° MPa CORRESPONDING TO 
DIFFERENT CRACK ANGLES 







TABLE 14 - FATIGUE LIFE PREDICTION FOR A£-STEEL-As> COMPOSITE 
WITH E^Eg = 3.0, v] = v2 = 0.33, a. = 2.54 x 10"4 m, 
°m.v = 1034.25 MPa AND a .  = 517.25 MPa CORRESPONDING max mm 
TO DIFFERENT CRACK ANGLES 







TABLE 15 - FATIGUE LIFE PREDICTION FOR STEEL-Ai-STEEL COMPOSITE 
WITH E-,/E2 = 0.3, V] = v2 = 0.33, a. = 2.54 x 10"4 m, 
°m=v = 413.7 MPa AND a   . = 0.0 MPa CORRESPONDING max mm 
TO DIFFERENT CRACK ANGLES 







TABLE 16 - FATIGUE LIFE PREDICTION FOR STEEL-A£-STEEL COMPOSITE 
WITH E-,/E2 = 0.3, V] = \>2 = 0.33, a. = 2.54 x 10"4 m, 
o  aw = 413.7 MPa AND o   .    = 206.85 MPa CORRESPONDING max rnin 
TO DIFFERENT CRACK ANGLES 







0 2.9 3.3       3.7      4.1 
Log  N Cycles 
4.5      4.9 
Figure 11  - Fatigue crack growth for A£-Steel-A£ composite 
0.33, N. = 0, a. with E-,/Ep = 3.0, v,  -  v2 
= 2.54 x 10"4 m, a   = 1034.25 MPa and a. 
max rnin 
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Figure 12 - Fatigue crack growth for A£-Steel-A£ composite 
with E^Eg = 3.0, v] = v2 = 0.33, N. = 0, a. 
= 2.54 x 10"4 m, a        = 1034.25 MPa and a  / 
max min 
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Figure 13 - Fatigue crack growth for Steel-Ax.-Steel  composite 
with E.j/E2 = 0.3, v]  = v2 = 0.33,  Ni  = 0,  ai 
= 2.54 x 10"4 m, a    „ = 413.7 MPa and o   .    = 0.0 MPa max mm 
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Figure 14 - Fatigue crack growth for Steel-An-Steel composite 










7MPaandamin = 2.54 x 10" 
= 206.85 MPa corresponding to different crack angle 
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Steel-A£-Steel composites. As shown in Figures 11 to 12, the predic- 
tions of fatigue life also increases with decreasing crack angle B for 
the A£-Steel-A£ composite. In contrast to the above conclusion, the 
Steel-A£-Steel composite (Figures 13 and 14) gave a longer fatigue life 
at 6 = 45° and 60° as compared to that at B = 90°. 
This may be explained by glancing the results in Figures 15 and 16 
* 
for the stress intensity factor k-, and k~ for different ratios of a/h 
and crack angle 3. Both A£-Steel-A£ and Steel-Aa-Steel composites are 
considered. It is easily seen that the k? effect is more dominant in 
Figure 16 for Steel-A -Steel composite than that in Figure 15 for the 
A«,-Steel-A£ composite. This is particularly noticeable for B - 60°. 
Similar influence has also been observed in the static case [11]. 
* _4 
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Figure 15 - Stress intensity factors versus crack angle 8 
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Figure 16 - Stress intensity factors versus crack angle f 
with different ratios a/h for Steel-A2-Steel 
composite 
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CONSTANT INCREMENT CRACK GROWTH 
Alternatively, it is also possible to pose the fatigue crack propa- 
gation problem by considering a constant increment crack growth such 
that the number of cycles for each increment of crack growth become 
the unknown. In this regard, the same crack growth rate expression 
da/dN given by equation (12) will be employed again. 
FATIGUE LIFE PREDICTION 
_5 
Assuminq a constant increment crack growth, say Aa = 2.00 x 10  m, 
the half-crack length will be increased according to a, = a. + Aa, 
a~ = a-, + Aa, — ,a. = a. -, + Aa, — ,af = af , + Aa, where the initial 
-4 half crack length is chosen as a. = 2.54 x 10  m. The final half- 
crack length is given in Tables 2 and 7. 
The number of cycles corresponding to each stage crack growth can 
be computed from equation (29) for the Steel-A£-Steel and A^-Steel-As. 
composites. The results in Table 17 for the A£-Steel-hi  composite cor- 
respond to a   = 1034.25 MPa, amin = 0 and 6 = 90°. The a versus N 
relation for Aa = 2.00 x 10  m is shown in Figure 7 which is coincided 
with the results obtained by assuming (AW/AV) = constant where the 
crack growth increments can vary. The same is found for the Steel-Ail- 
Steel composite corresponding to the results in Figures 13 and 14. 
The fact that both assumptions of Aa = constant and (AW/AV) = con- 
stant lead to the same a versus N are to be expected since the present 
analysis makes use of the linear theory of elasticity which is not able 
-53- 
TABLE 17 - FATIGUE CONSTANT INCREMENT CRACK GROWTH FOR 
A£-STEEL-A£ COMPOSITE WITH 6 = 90°, E,/E? 
= 3.0, V] = v2 = 0.33, N. = 0, ai 
= 2.54 x 10"4 m, Aa = 2.0 x 10"5 m, a 
= 1034.25 MPa and a   .    = 0.0 MPa   max 
mm 





































Half Crack Length 
a.(j = i,l,2, — -,f),m 





































to account for the path dependency nature of the fatigue process. 
Without accounting for damage accumulation, the influence of incremen- 
tal crack growth does not enter into the problem. 
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CRACK GROWTH RATE 
It has been mentioned earlier, there are two methods to be used to 
compute the crack growth rate, da/dN, which is based either on AK, or 
AS, as shown in Appendix III, Figures A-4 to A-9. It is seen that 
da/dN versus AS plot is not as sensitive to changes in the stress ratio 
R as the da/dN versus AK, plot. This indicates that the influence of 
mean stress that should not be ignored in the analysis. 
For A{,-Steel-Ax. composite, Figures 11 and 12 have shown that the 
crack growth rate should have the lowest value at s = 15° for a given 
half-crack length, i.e., it needs more cycles to reach the given half- 
crack length. This can be seen from the crack growth rate plot. 
Figure 17 shows the results for A£-Steel-A£ composite corresponding 
to different crack angle 6 by taking logarithm of half-crack length a, 
versus crack growth rate da/dN. It indicates that the value of da/dN 
increase with increasing the values of a and 6 for A«,-Steel-Ax, compos- 
ite. 
Figure 18 gives the results for Steel-A£-Steel composite. It indi- 
cates that the crack growth rate is highest at 6 = 60°, i.e., although 
it has a longer predicated final crack length at 6 = 60°, the crack 
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Figure 17 - Crack growth rate with E1/E2 = 0.3,  v,  = v„ = 0.33, 
1034.25 MPa and 0.0 MPa for A£-Steel-A«. max     " " "" ~" "min 
composite corresponding to different crack angle 6 
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Figure 18 - Crack growth rate with E-|/E2 = 0.3, v-j  = v2 = 0.33, 
a        = 413.7 MPa and amin = 0.0 MPa for Steel-Aa-Steel 
composite corresponding to different crack angle B 
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CONCLUSION 
One of the basic shortcomings of the conventional fracture mechanics 
approach to analyze the fatigue life of structural components is the in- 
ability to include mean stress level and mixed mode conditions. 
By using the experimental data, the material parameters A, m, C and 
n can be obtained from equations (1) and (12). For the center crack 
panel subjected to Mode I loading, equation (12) gives a more conserva- 
tive estimate of fatigue life than equation (1) in which the mean stress 
effect is not included. Experimentally, it is well-known that the ef- 
fect of mean stress is an important factor. 
For the A«,-Steel-A«, and Steel-Ail-Steel composites simulated to model 
matrix failure of unidirectional fiber-reinforced composites, the strain 
energy density theory was used to predict the fatigue life as a function 
of the crack angle (3. Failure is assumed to initiate from a small crack 
in the middle layer by crack propagation. Under mixed mode conditions, 
the conventional fracture mechanics criterion based on AK-, is no longer 
applicable. The strain energy density criterion combines the stress in- 
tensity factors k-, and k~ in an appropriate fashion for predicting fa- 
tigue life which depends on the crack angle and the stacking sequence of 
the dissimilar materials. 
An essential feature of the strain energy density theory is that for 
an unstable process, the following 
ro < rl < r2 < — *  rj K — K  rc 
-59- 
and 
S < Sn < S0 < — < S. < — < S o   1   2       j       c 
must be satisfied such that the crack growth r. at each stage is deter- 




  A.I   
s
„  S,  S9      S,      S„ 
j=1    j   o   1   2       j       c 
This is equivalent to specifying that the material elements along the 
prospective sites of propagation must reach a critical (AW/AV) value. 
The constant (AW/AV) is characteristic of the material and deter- 
ines the increments of crack growth. A relatively low value of 
(AW/AV) implies a material with low toughness which may reach insta- 
bility soon after initiation, a feature of brittle fracture. The value 
(AW/AV) may be measured experimentally as the area under the true 
stress-strain curve [12]. 
m 
The crack growth rate da/dN, versus half-crack length a, relations 
are also plotted to represent the experimental data without commiting 
to a mathematically computed quantity such as AS or AK-,. In general, 
higher crack growth rates are undesirable as they lead to shorter fa- 
tigue life. Fatigue analyses based on the strain energy density theory 
have been predicted to include the effects of mean stress and mixed 
mode conditions which have not been treated adequately in the past. 
-60- 
However, there still remains a great deal of additional work in this 
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APPENDIX I 
DERIVATION OF THE STRAIN ENERGY DENSITY FACTOR S 
Note that considering a unit cubic element which is assumed r dis- 
tance away from the crack plane as shown in Figure A, the stress com- 
ponents are given by 
°x 
kl        .     e rn        ,    e    .    39-, k2 rro cos o- [1  - sin •*- sin 75—] n-py sin -y x 
(2r)1/2 2 2 2 (2r)1/2 2 
[2 + cos I cos 1^-] + 
1                      9 9             39                  2                     9             9 
a    = -r-pr cos 75- [1  + sin o" sin 75—] + TTO sin -K- cos -*■ x 
Y      (2r)1/2          2 2          2          (2r)1/2         2         2 
x cosfU ... 
kl                    9.9            39   ^       k2 9 
T>,,,   =  T7o" COS   75- Sin  75- COS   75— +  TTo"  COS   75- x 
xy  (2r)'/Z    2    2    2   (2r)1/2    2 
[1 - sin | sin |i] + 
1        9 2.0 
a_ = 2v T-7O* cos 75- - 2v r-775- sin 75- + ... 
z    (2r)1/2   2    (2r)1/2   2 
k3      0 TY7 = TV?  sin 35- + ... 
xz   (2r)1/2   2 
-  -   
3
   cos % + ... 
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Figure A - Stress components near crack border 
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where k,, k^ and k., are stress intensity factors. 
For an elastic material, the strain energy stored in the element 
dV = dxdydz under a general three-dimensional stress system is 
dW = [^ (ol+o^l)   -  £ (axoy+Vz+azax) + ^ 
^y+iz+^dV ^-2) 
By substituting equation (1.1) into (1.2) yields the quadratic form 
for the strain energy density function 
W=F<allk? + 2a12klk2 + a22k2 + a33k3> + ••■ ^^ 
Note that the higher order terms in r have been neglected and that 
the strain energy density function near the crack possesses a 1/r en- 
ergy singularity. Hence, let the quadratic 
The coefficient a-. (i,j = 1,2,3) are given by 
16na-,, = (3-4v-cose)(l+cose) 
16pa-j2 = 2 sine(cose-l+2v) 
16ya22 = 4(l-v)(l-cose) + (3 cose-1)(l+cose) 
33 16ya„ = 4 
-66- 
where v is the Poisson's ratio, p is the shear modul us. 
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APPENDIX II (TABLES 1-15) 
EXPERIMENTAL DATA FOR THE A^ MODEL AND THE AS MODEL 
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APPENDIX II (TABLES 1-15) 
TABLE A-l - HP9-4-0.30 STEEL CENTER CRACKED PLATE WITH R = 0.02 
No. No. of Half Crack Aa/AN A^ AS 
of Length 
Runs Cycles N 
0. 





1 .100000 5.220719E-04 
2 32554. .124500 7.525957E-07 1.278785E+01 6.508784E-04 
3 58043. .150250 1.010240E-06 1.406084E+01 7.869130E-04 
4 76548. .174750 1.323966E-06 1.517952E+01 9.171060E-04 
5 90560 .199250 1.748501E-06 1.62281OE+01 1.048190E-03 
6 103154. .226000 2.124027E-06 1.730915E+01 1.192493E-03 
7 113003. .250250 2.462179E-06 1.824232E+01 1.324539E-03 
8 121444. .275250 2.961734E-06 1.916596E+01 1.462061E-03 
9 128691. .299500 3.346212E-06 2.003073E+01 1.596975E-03 
10 135543. .324500 3.648570E-06 2.089529E+01 1.737807E-03 
11 141377. .349500 4.285225E-06 2.173684E+01 1.880604E-03 
12 146940. .374250 4.449038E-06 2.255097E+01 2.024114E-03 
13 151973. .399750 5.066561E-06 2.337328E+01 2.174422E-03 
14 156829. .425250 5.251236E-06 2.418181E+01 2.327460E-03 
15 161056. .449750 5.796073E-06 494812E+01 2.477307E-03 
16 164797. .474500 6.615878E-06 2.571394E+01 2.631733E-03 
17 168539. .499000 6.547301E-06 2.646577E+01 2.787877E-03 
18 172063. .524250 7.165153E-06 2.723599E+01 2.952506E-03 
19 175459. .549000 7.287986E-06 2.798814E+01 3.117830E-03 
20 178259. .574500 9.107143E-06 2.876189E+01 3.292602E-03 
21 181259. .599500 8.333333E-06 2.952092E+01 3.468679E-03 
22 183909. .627000 1.037736E-05 3.035821E+01 3.668233E-03 
23 186409. .649000 8.800000E-06 3.103114E+01 3.632656E-02 
24 189109. .674000 9.259259E-06 3.180053E+01 4.025068E-03 
25 191409. .700000 1.130435E-05 3.260753E+01 4.231946E-03 
26 193659. .725000 l.millE-05 3.339156E+01 4.437905E-03 
27 195859. .760500 1.613636E-05 3.452144E+01 4.743318E-03 
28 198559. .800000 1.462963E-05 4.191534E+01 6.992787E-03 
29 200859. .849500 2.152174E-05 4.385888E+01 7.656811E-03 
30 202959. .900500 2.428571E-05 4.594477E+01 8.401882E-03 
31 205009. .950500 2.439024E-05 4.808936E+01 9.204548E-03 
32 206809. .999500 2.722222E-05 5.030537E+01 1.007240E-02 
33 208209. 1.050500 3.642857E-05 5.809386E+01 1.343275E-02 
34 209609. 1.106000 3.964286E-05 6.124509E+01 1.492956E-02 
35 210859. 1.148500 3.400000E-05 6.383816E+01 1.622053E-02 
36 212009. 1.202500 4.695652E-05 6.740030E+01 1.808123E-02 
37 212809. 1.258000 6.037500E-05 7.143405E+01 2.031023E-02 
38 213464. 1.301000 6.564885E-05 8.368013E+01 2.787078E-02 
39 214046. 1.355000 9.278351E-05 8.903013E+01 3.154848E-02 
40 214411. 1.405500 1.383562E-04 9.468099E+01 3.568043E-02 
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TABLE A-2 - HP9-4-0.30 STEEL CENTER I CRACKED PLATE 1 WITH R = 0.50 
No. Half Crack Aa/AN Kl AS 
of Length 1




Ks i /Tn 
6.010769E+00 
Klbf/in 
1 .101500 4.144877E-04 
2 86630. .124500 2.654969E-07 6.661375E+00 5.090722E-04 
3 171880. .150250 3.020528E-07 7.324455E+00 6.154633E-04 
4 242110. .176250 3.702122E-07 7.941550E+00 7.235393E-04 
5 294610. .200000 4.523810E-07 8.469534E+00 8.229447E-04 
6 339930 .225000 5.516328E-07 8.995852E+00 9.284024E-04 
7 377030. .249500 6.603774E-07 9.487645E+00 1.032686E-03 
8 410130. .276000 8.006042E-07 9.997547E+00 1.146670E-03 
9 436380. .299500 8.952381E-07 1.043374E+01 1.248911E-03 
10 460130. .324750 1.063158E-06 1.088838E+01 1.360123E-03 
11 481130. .349250 1.166667E-06 1.131781E+01 1.469524E-03 
12 500130. .375500 1.381579E-06 1.176721E+01 1.588541E-03 
13 515880. .399750 1.539683E-06 1.217415E+01 1.700312E-03 
14 530680. .424250 1.655405E-06 1.257867E+01 1.815185E-03 
15 543680. .450000 1.980769E-06 1.299799E+01 1.938225E-03 
16 555180. .474500 2.130435E-06 1.339255E+01 2.057682E-03 
17 566180. .499500 2.272727E-06 1.379179E+01 2.182193E-03 
18 576430. .524750 2.463415E-06 1.419256E+01 2.310858E-03 
19 585780. .549750 2.673797E-06 1.458785E+01 2.441375E-03 
20 594280. .574000 2.852941E-06 1.497067E+01 2.571191E-03 
21 602280. .598500 3.062500E-06 1.535761E+01 2.705819E-03 
22 609930. .624500 3.398693E-06 1.576925E+01 2.852817E-03 
23 616930. .650750 3.750000E-06 1.618680E+01 3.005893E-03 
24 623280. .674000 3.661417E-06 1.655896E+01 3.145705E-03 
25 629230. .698500 4.117647E-06 1.695422E+01 3.297669E-03 
26 634680. .724000 4.678899E-06 1.736971E+01 3.461282E-03 
27 640430. .749750 4.478261E-06 1.779435E+01 3.632587E-03 
28 647430. .799750 7.142857E-06 2.181634E+01 5.460288E-03 
29 653430. .848000 8.041667E-06 2.279975E+01 5.963642E-04 
30 658930. .902250 9.863636E-06 2.395201E+01 6.581659E-03 
31 663830. .950750 9.897959E-06 2.503275E+01 7.189003E-03 
32 668180. 1.000750 1.149425E-05 2.620685E+01 7.879185E-03 
33 771280. 1.050250 1.596774E-05 3.021746E+01 1.047533E-02 
34 674080. 1.098500 1.723214E-05 3.162940E+01 1.147713E-02 
35 676580. 1.149750 2.050000E-05 3.324157E+01 1.267695E-02 
36 678870. 1.198000 2.106987E-05 3.488441E+01 1.396093E-02 
37 680928. 1.249750 2.524390E-05 3.680698E+01 1.554218E-02 
38 681970. 1.299000 4.690476E-05 4.338866E+01 2.159753E-02 
39 682680. 1.349000 7.042254E-05 4.592381E+01 2.419510E-02 
40 683180. 1.402000 1.060000E-04 4.894811E+01 2.748675E-02 
41 683600. 1.451000 1.166667E-04 5.212890E+01 3.117516E-02 
42 683950 1.490900 1.140000E-04 5.505984E+01 3.477935E-02 
43 684380. 1.536750 1.066279E-04 5.890383E+01 3.980510E-02 
44 684870. 1.582750 9.387755E-05 6.341699E+01 4.613843E-02 
45 685320. 1.629500 1.038889E-04 
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6.890612E+01 5.447123E-02 
TABLE A-3 - Hp9-4-0.30 STEEL CENTER CRACKED PLATE WITH R = -1.0 
No. No. of Half Crack Aa/AN AK] AS 
of Length 







1 .099750 5.476569E-04 
2 26000. .125000 9.711538E-07 1.340590E+01 6.872615E-04 
3 42000. .149000 1.500000E-06 1.464858E+01 8.205808E-04 
4 57000. .175500 1.766667E-06 1.591548E+01 9.686565E-04 
5 68000. .199000 2.136364E-06 1.696696E+01 1.100876E-03 
6 78370. .226750 2.675988E-06 1.813953E+01 1.258295E-03 
7 85870. .251000 3.233333E-06 1.911437E+01 1.397173E-03 
8 92370. .275750 3.807692E-06 2.006990E+01 1.540355E-03 
9 98120. .299250 4.086957E-06 2.094627E+01 1.677814E-03 
10 103420. .323750 4.622642E-06 2.183293E+01 1.822865E-03 
11 108420. .349250 5.100000E-06 2.273111E+01 1.975991E-03 
12 113070. .376500 5.860215E-06 2.366772E+01 2.142118E-03 
13 117070. .400000 5.875000E-06 2.445944E+01 2.287827E-03 
14 120570. .424250 6.928571E-06 2.526358E+01 2.440732E-03 
15 123870- .448500 7.348485E-06 2.605704E+01 2.596453E-03 
16 127420. .475750 7.676056E-06 2.693857E+01 2.755105E-03 
17 130420. .501750 8.666667E-06 2.777215E+01 2.949506E-03 
18 133020. .525000 8.942308E-06 2.851319E+01 3.109010E-03 
19 135478. .549000 9.795918E-06 2.927545E+01 3.277460E-03 
20 137920. .574000 1.020408E-05 3.006820E+01 3.457365E-03 
21 140320. .599750 1.072917E-05 3.088512E+01 3.647783E-03 
22 142470. .625250 1.186047E-05 3.169621E+01 3.841891E-03 
23 144570. .650500 1.202381E-05 3.250304E+01 4.039972E-03 
24 146470. .676250 1.355263E-05 3.333128E+01 4.248488E-03 
25 148220. .699750 1.342857E-05 3.409334E+01 4.444977E-03 
26 149838. .725000 1.560569E-05 3.492023E+01 4.663205E-03 
27 151489. .749500 1.483949E-05 3.573201E+01 4.882534E-03 
28 153344. .801000 2.776280E-05 4.386932E+01 7.359564E-03 
29 155006. .852500 3.098676E-05 4.598262E+01 8.085704E-03 
30 156414. .901750 3.497869E-05 4.808776E+01 8.842994E-03 
31 157676. .951500 3.942155E-05 5.031541E+01 9.681272E-03 
32 158577. 1.001500 5.549390E-05 5.267647E+01 1.061118E-02 
33 159115. 1.004750 6.040892E-06 5.818234E+01 1.294532E-02 
34 159644. 1.099000 1.781664E-04 6.356448E+01 1.545110E-02 
35 160027. 1.156000 1.488251E-04 6.718682E+01 1.726229E-02 
36 160302. 1.200000 1.600000E-04 7.021815E+01 1.885511E-02 
37 160457. 1.250250 3.241935E-04 7.397860E+01 2.092871E-02 
38 160565. 1.299000 4.513889E-04 8.716356E+01 2.905362E-02 
39 160642. 1.350000 6.623377E-04 9.236742E+01 3.262631E-02 
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TABLE A-4 - 300M STEEL CENTER CRACKED PLATE WITH R * 0.02 
No. No. of Half Crack Aa/AN A^ AS 
of Length 




Ks i /TiT 
1.151239E+01 
Klbf/in 
1 .101000 5.244768E-04 
2 30000. .124250 7.750000E-07 1.277703E+01 6.460336E-04 
3 50000. .150000 1.287500E-06 1.405094E+01 7.812787E-04 
4 66499. .175500 1.545548E-06 1.521417E+01 9.159921E-04 
5 78507. .199000 1.957029E-06 1.621882E+01 1.040959E-03 
6 89507. .223750 2.250000E-06 1.722088E+01 1.173562E-03 
7 99506. .249500 2.575258E-06 1.821356E+01 1.312758E-03 
8 108506. .275250 2.861111E-06 1.916432E+01 1.453388E-03 
9 116506. .299500 3.031250E-06 2.002778E+01 1.587305E-03 
10 123506. .324500 3.571429E-06 2.089074E+01 1.727040E-03 
11 129882. .349500 3.920954E-06 2.173041E+01 1.868663E-03 
12 135530. .374500 4.426346E-06 2.255051E+01 2.012370E-03 
13 140679. .398750 4.709652E-06 2.333032E+01 2.153954E-03 
14 145679. .425000 5.250000E-06 2.416000E+01 2.309878E-03 
15 149928. .449000 5.648388E-06 2.490780E+01 2.455081E-03 
16 154038. .474500 6.204380E-06 2.569333E+01 2.612377E-03 
17 158035. .501000 6.629972E-06 2.650209E+01 2.779428E-03 
18 161534. .524750 6.787654E-06 2.722216E+01 2.932515E-03 
19 164885. .548750 7.162041E-06 2.794682E+01 3.090720E-03 
20 168210. .574250 7.669173E-06 2.871507E+01 3.262983E-03 
21 171310. .600500 8.467742E-06 2.950583E+01 2.445169E-03 
22 174109. .625500 8.931761E-06 3.026040E+01 3.623635E-03 
23 176684. .650000 9.514563E-06 3.100272E+01 3.803598E-03 
24 179108. .674500 1.010726E-05 3.174920E+01 3.988967E-03 
25 181531. .699250 1.021461E-05 3.250887E+01 4.182141E-03 
26 183856. .725000 1.107527E-05 3.33066tE+01 4.389922E-03 
27 186055. .751000 1.182356E-05 3.412140E+01 4.607324E-03 
28 190056. .802250 1.280930E-05 3.576083E+01 5.060696E-03 
29 193404. .850750 1.448626E-05 3.736281E+01 5.524261E-03 
30 196457. .900000 1.613167E-05 3.905192E+01 6.035035E-03 
31 199133. .9428500 1.812407E-05 4.078942E+01 6.584003E-03 
32 201483. .998750 2.138298E-05 4.268210E+01 7.209193E-03 
33 203631. 1.051250 2.444134E-05 4.477889E+01 7.934903E-03 
34 205331. 1.099250 2.823529E-05 4.682196E+01 8.675494E-03 
35 206807. 1.152500 3.607724E-05 4.925518E+01 9.600612E-03 
36 207983. 1.202750 4.272959E-05 5.174150E+01 1.059432E-02 
37 208820. 1.253750 6.093190E-05 5.448988E+01 1.174970E-02 
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TABLE A-5 - 300M STEEL CENTER CRACKED PLATE WITH R = 0.50 
No. No. of Half Crack Aa/AN AK, AS 
of Length I 




Ks i /i n 
5.974320E+00 
Klbf/in 
1 .101250 4.071169E-04 
2 42001. .124750 5.595105E-07 6.635782E+00 5.022575E-04 
3 83999. .148000 5.535978E-07 7.233392E+00 5.967963E-04 
4 127998. .174250 5.966045E-07 7.856981E+00 7.041312E-04 
5 171001. .199000 5.755412#-07 8.406257E+00 8.060230E-04 
6 210998. .226500 6.875516E-07 8.981743E+00 9.201601E-04 
7 243458. .253000 8.163894E-07 9.508297E+00 1.031211E-03 
8 264407. .274000 1.002434E-06 9.909436E+00 1.120057E-03 
9 286405. .298500 1.113738E-06 1.036227E+01 1.224764E-03 
10 306607. .324000 1.262251E-06 1.081890E+01 1.335084E-03 
11 325709. .350000 1.361114E-06 1.1Z7152E+01 1.449130E-03 
12 342000. .375500 1.565281E-06 1.170480E+01 1.562661E-03 
13 356000. .398000 1.607143E-06 1.207977E+01 1.664407E-03 
14 369000. .424000 2.000000E-06 1.250593E+01 1.783916E-03 
15 381252. .449250 2.060888E-06 1.291379E+01 1.902171E-03 
16 392958. .475000 2.199727E-06 1.332486E+01 2.025199E-03 
17 402458. .499500 2.578947E-06 1.371246E+01 2.144732E-03 
18 411209. .523500 2.742544E-06 1.408972E+01 2.264367E-03 
19 419958. .548250 2.828895E-06 1.447709E+01 2.390589E-03 
20 428210. .574000 3.120456E-06 1.487919E+01 2.525230E-03 
21 435059. .598250 3.129840E-06 1.525779E+01 2.655374E-03 
22 443308. .624500 3.571429E-06 1.566838E+01 2.800207E-03 
23 449430. .650000 4.165305E-06 1.606879E+01 2.945157E-03 
24 455430. .673750 3.958333E-06 1.644381E+01 3.084231E-03 
25 461045. .697750 4.274265E-06 1.682547E+01 3.229063E-03 
26 466996. .724000 4.411023E-06 1.724676E+01 3.392799E-03 
27 472496. .749500 4.636364E-06 1.766070E+01 3.557608E-03 
28 481995. .799750 5.290031E-06 1.849287E+01 3.900776E-03 
29 490499. .850500 5.967780E-06 1.936089E+01 4.275557E-03 
30 498001. .899500 6.531592E-06 2.023164E+01 4.668789F-03 
31 504599. .948250 7.388603E-06 2.113651E+01 5.095756E-03 
32 510801. 1.000250 8.384392E-06 2.215237E+01 5.597350E-03 
33 515800. 1.050500 1.005201E-05 2.319299E+01 6.135580E-03 
34 520600. 1.099250 1.015625E-05 2.426794E+01 6.717506E-03 
35 524601. 1.149250 1.249688E-05 2.544922E+01 7.387392E-03 
36 528000. 1.198750 1.456311E-05 2.671126E+01 8.138245E-03 
37 530999. 1.251750 1.767256E-05 2.818390E+01 9.060337E-03 
38 532197. 1.309750 4.841402E-05 3.295203E+01 1.238530E-02 
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TABLE A-6 - 300M STEEL CENTER CRACKED PLATE WITH R = -1.0 
No. No.   of Half Crack Aa/AN AK, AS 
of Length I 







1 .099750 5.266204E-04 
2 24999. .125000 1.010040E-06 1.318370E+01 6.608384E-04 
3 40492. .148500 1.516814E-06 1.438101E+01 7.863211E-04 
4 54993. .173500 1.724019E-06 1.556010E+01 9.205459E-04 
5 67219. .199750 2.147064E-06 1.671644E+01 1.062450E-03 
6 76471. .224250 2.648076E-06 1.773552E+01 1.195939E-03 
7 84720. .250250 3.151897E-06 1.876547E+01 1.338875E-03 
8 92719. .275000 3.094137E-06 1.970517E+01 1.476323E-03 
9 99718. .299500 3.500500E-06 2.060275E+01 1.613881E-03 
10 106219. .324500 3.845562E-06 2.149051E+01 1.755960E-03 
11 111722. .349000 4.452117E-06 2.233726E+01 1.897058E-03 
12 116971. .374000 4.762812E-06 2.318131E+01 2.043134E-03 
13 121581. .399500 5.531453E-06 2.402483E+01 2.194530E-03 
14 125881. .423750 5.639535E-06 2.481345E+01 2.340967E-03 
15 129942. .448500 6.094558E-06 2.560717E+01 2.493125E-03 
16 133842. .473500 6.410256E-06 2.639971E+01 2.649837E-03 
17 137341. .498250 7.073450E-06 2.717725E+01 2.808226E-03 
18 140793. .523000 7.169757E-06 2.794964E+01 2.970116E-03 
19 144192. .550000 7.943513E-06 2.878841E+01 3.151057E-03 
20 147091. .573750 8.192480E-06 2.952455E+01 3.314267E-03 
21 149900. .599750 9.255963E-06 3.033034E+01 3.497642E-03 
22 152599. .623500 8.799555E-06 3.106775E+01 3.669783E-03 
23 155200. .650000 1.018839E-05 3.189369E+01 3.867501E-03 
24 157669. .675250 1.022681E-05 3.268532E+01 4.061872E-03 
25 160081. .701500 1.088308E-05 3.351473E+01 4.270635E-03 
26 162181. .727000 1.214286E-05 3.432831E+01 4.480493E-03 
27 163931. .749500 1.285714E-05 3.505385E+01 4.671888E-03 
28 167900. .801500 1.310154E-05 3.676434E+01 5.138950E-03 
29 171200. .850500 1.484848E-05 3.842917E+01 5.614910E-03 
30 174100. .898500 1.655172E-05 4.012192E+01 6.120464E-03 
31 176802. .951000 1.943005E-05 4.205841E+01 6.725531E-03 
32 179099. 1.000250 2.144101E-05 4.397152E+01 7.351295E-03 
33 181045. 1.049000 2.505139E-05 4.597426E+01 8.036195E-03 
34 182894. 1.101250 2.825852E-04 4.826298E+01 8.856238E-03 
35 184556. 1.155000 3.234055E-05 5.079934E+01 9.811537E-03 
36 185902. 1.207500 3.900446E-05 5.348903E+01 1.087803E-02 
37 186801. 1.257000 5.506118E-05 5.625440E+01 1.203189E-02 
38 18706E. 1.298500 1.590038E-04 6.462566E+01 1.587928E-02 
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TABLE A-7 - TI-6A&-4V MILL ANNEALED TITANIUM CENTER 
CRACKED PLATE WITH R = 0.02 
No. No. of Half Crack Aa/AN AK-, AS 
of Length 







1 .099500 3.882302E-04 
2 57422. .124500 4.353732E-07 9.144578E+00 5.138200E-04 
3 199470. .150000 1.795168E-07 1.004592E+01 6.201019E-04 
4 249515. .174000 4.795684E-07 1.083002E+01 7.206793E-04 
5 273171. .202000 1.183632E-06 1.168405E+01 8.388226E-04 
6 284307. .224500 2.020474E-06 1.233233E+01 9.344892E-04 
7 294893. .252000 2.597771E-06 1.308747E+01 1.052435E-03 
8 301545. .275250 3.495189E-06 1.369935E+01 1.153144E-03 
9 307840. .300750 4.050834E-06 1.434712E+01 1.264774E-03 
10 316076. .325000 2.944390E-06 1.494402E+01 1.372203E-03 
11 322277. .350250 4.071924E-06 1.554883E+01 1.485523E-03 
12 331076. .375500 2.869644E-06 1.613927E+01 1.600485E-03 
13 336076. .400000 4.900000E-06 1.670064E+01 1.713760E-03 
14 342076. .424500 4.083333E-06 1.725252E+01 1.828895E-03 
15 346038. .450000 6.436143E-06 1.781862E+01 1.950885E-03 
16 350048. .474500 6.109726E-06 1.835606E+01 2.070345E-03 
17 354071. .499000 6.089983E-06 1.888855E+01 2.192204E-03 
18 357572. .525500 7.569266E-06 1.946035E+01 2.326940E-03 
19 360596. .551000 8.432540E-06 2.000783E+01 2.459709E-03 
20 361496. .575250 2.694444E-05 2.662976E+01 4.357306E-03 
21 362171. .599000 3.518519E-05 2.728910E+01 4.575748E-03 
22 362841. .652250 3.731343E-05 2.798400E+01 4.811753E-03 
23 363467. .652250 4.512780E-05 2.877193E+01 5.086529E-03 
24 363988. .674750 4.318618E-05 2.940271E+01 5.312003E-03 
25 364505. .699500 4.787234E-05 3.010108E+01 5.567340E-03 
26 365011. .724500 4.940711E-05 3.081251E+01 5.833617E-03 
27 365499. .750000 5.225410E-05 3.154571E+01 6.114548E-03 
28 365907. .803000 1.299020E-04 4.258162E+01 1.114110E-02 
29 366262. .852750 1.401400E-04 4.451817E+01 1.217750E-02 
30 366506. .907500 2.243852E-04 4.673360E+01 1.341968E-02 
31 366651. .949500 2.896552E-04 4.850538E+01 1.445651E-02 
32 366801. .999750 3.350000E-04 5.072332E+01 1.580880E-02 
33 366884. 1.050000 6.054217E-04 5.843798E+01 2.098331E-02 
34 366974. 1.106000 6.222222E-04 6.150737E+01 2.324545E-02 
35 367019. 1.147500 9.222222E-04 6.393625E+01 2.511759E-02 
36 367119. 1.202500 5.500000E-04 6.739407E+01 2.790789E-02 
37 367163. 1.260000 1.306818E-03 7.135478E+01 3.128454E-02 
38 367183. 1.334000 3.700000E-03 8.616846E+01 4.562263E-02 
39 367185. 1.355000 1.050000E-02 8.816778E+01 4.776431E-02 
40 367192. 1.413000 8.285714E-03 9.418607E+01 5.450759E-02 
41 367194- 1.441000 1.400000E-02 9.739332E+01 5.828302E-02 
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TABLE A-8 - TI-6AA-4V MILL ANNEALED TITANIUM CENTER 
CRACKED PLATE WITH R = 0.50 
No. No. of Half Crack Aa/AN AK, AS 
of Length I 







1 .099500 4.492337E-04 
2 59282. .125000 4.301474E-07 5.648850E+00 5.651334E-04 
3 103226. .149500 5.575278E-07 6.182691E+00 6.769956E-04 
4 120627. .175500 1.494167E-06 6/705684E+00 7.963738E-04 
5 131005. .199500 2.312584E-06 7.157454E+00 9.072940E-04 
6 138013. .225500 3.710046E-06 7.620095E+00 1.028375E-03 
7 145414. .249500 3.242805E-06 8.026924E+00 1.141114E-03 
8 150614. .274500 4.807692E-06 8.433623E+00 1.259677E-03 
9 155089. .301000 5.921788E-06 8.848837E+00 1.386/66E-03 
10 158806. .325500 6.591337E-06 9.220517E+00 1.505710E-03 
11 162306. .349000 6.714286E-06 9.567734E+00 1.621247E-03 
12 165610. .374500 7.717918E-06 9.935799E+00 1.748382E-03 
13 168622. .401500 8.964143E-06 1.031724E+01 1.885202E-03 
14 170622. .426500 1.250000E-05 1.066414E+01 2.014109E-03 
15 173124. .449000 8.982036E-06 1.097211E+0I 2.132I17E-03 
16 175185. .475500 1.287658E-05 1.133065E+01 2.273738E-03 
17 176691. .499500 1.593625E-05 1.165230E+01 2.404662E-03 
18 178944. .525000 1.131824E-05 1.199169E+01 2.546782E-03 
19 180945. .549000 1.199400E-05 1.230960E+01 2.683607E-03 
20 182476. .576500 1.796212E-05 1.351775E+01 3.236233E-03 
21 183477. .599000 2.247752E-05 1.383461E+01 3.389729E-03 
22 184431. .622500 2.463312E-05 1.416596E+01 3.554046E-03 
23 185193. .647500 3.280840E-05 1.451953E+01 3.733671E-03 
24 185853. .673500 3.939394E-05 1.488911E+01 3.926161E-03 
25 186430. .701500 4.852686E-05 1.529006E+01 4.140468E-03 
26 186902. .723500 4.661017E-05 1.560782E+01 4.314352E-03 
27 187363. .747500 5.206074E-05 1.595777E+01 4.509985E-03 
28 187683. .799250 1.617188E-04 2.151822E+01 8.200559E-03 
29 188092. .850000 1.240831E-04 2.251895E+01 8.981054E-03 
30 188505. .903500 1.295400E-04 2.361527E+01 9.876808E-03 
31 188771. .950500 1.766917E-04 2.462098E+01 1.073597E-02 
32 189031. .999000 1.865385E-04 2.570863E+01 1.170547E-02 
33 189159. 1.050000 3.984375E-04 2.964116E+01 1.556042E-02 
34 189331. 1.100500 2.936047E-04 3.104304E+01 1.706708E-02 
35 189458. 1.150000 3.897638E-04 3.251322E+01 1.872194E-02 
37 189681. 1.245000 4.455446E-04 3.566551E+01 2.252827E-02 
38 189723. 1.298500 1.273810E-03 4.211317E+01 3.140991E-02 
39 189754. 1.350000 1.661290E-03 4.451095E+01 3.508847E-02 
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TABLE A-9 - TI-6A£-4V MILL ANNEALED TITANIUM CENTER 
CRACKED PLATE WITH R = -1.0 
No. No. of Half Crack Aa/AN A^ AS 
of Length 







1 .100250 4.099334E-04 
2 34999. .124750 7.000200E-07 9.301885E+00 5.108008E-04 
3 60001. .148750 9.599232E-07 1.016553E+01 6.100556E-04 
4 78001. .174750 1.444444E-06 1.102973E+01 7.181905E-04 
5 90251. .198750 1.959184E-06 1.177609E+01 8.186751E-04 
6 99999. .225750 2.769799E-06 1.256890E+01 9.326185E-04 
7 107747. .252000 3.387971E-06 1.330114E+01 1.044449E-03 
8 113595. .273750 3.719220E-06 1.388406E+01 1.138001E-03 
9 118847. .298500 4.712490E-06 1.452538E+01 1.245550E-03 
10 123498. .325000 5.697699E-06 1.519012E+01 1.362172E-03 
11 127598. .348750 5.792683E-06 1.576968E+01 1.468098E-03 
12 131098. .373750 7.142857E-06 1.636583E+01 1.581195E-03 
13 134397. .399250 7.729615E-06 1.696157E+01 1.698406E-03 
14 137395. .423500 8.088726E-06 1.751850E+01 1.811772E-03 
15 140072. .448000 9.152036E-06 1.807338E+01 1.928360E-03 
16 142570. .474250 1.050841E-05 1.866090E+01 2.055772E-03 
17 144862. .497750 1.025305E-05 1.918212E+01 2.172215E-03 
18 147143. .522750 1.096011E-05 1.973298E+01 2.298767E-03 
19 149142. .547750 1.250625E-05 2.028135E+01 2.428305E-03 
20 150991. .573500 1.392645E-05 2.084482E+01 2.565109E-03 
21 152793. .598500 1.387347E-05 2.139173E+01 2.701479E-03 
22 153492. .624250 3.683834E-05 2.848355E+01 4.789585E-03 
23 154142. .647500 3.576923E-05 2.914697E+01 5.015295E-03 
24 154792. .676750 4.500000E-05 2.998654E+01 5.308384E-03 
25 155343. .705000 5.217042E-05 3.080449E+01 5.601931E-03 
26 155767. .724000 4.481132E-05 3.135951E+01 5.805614E-03 
27 156185. .749750 6.160287E-05 3.211918E+01 6.090297E-03 
28 156587. .802750 1.318408E-04 4.337388E+01 1.110622E-02 
29 156854. .872000 2.593633E-04 4.616777E+01 1.258309E-02 
30 156960. .900000 2.641509E-04 4.734130E+01 1.323091E-02 
31 157116. .950000 3.205128E-04 4.951257E+01 1.447240E-02 
32 157244. 1.002500 4.101562E-04 5.191436E+01 1.591053E-02 
33 157323. 1.055500 6.708861E-04 6.000526E+01 2.125633E-02 
34 157379. 1.104500 8.750000E-04 6.280384E+01 2.328531E-02 
35 157425. 1.153000 1.054348E-03 6.577043E+01 2.553706E-02 
36 157465. 1.200500 1.187500E-03 6.889836E+01 2.802382E-02 
37 157496. 1.252750 1.685484E-03 7.264000E+01 3.115023E-02 
38 157514. 1.298750 2.555556E-03 8.521348E+01 4.286731E-02 
39 157525. 1.345000 4.204545E-03 8.965285E+01 4.745017E-02 
40 157532. 1.396250 7.321429E-03 9.512239E+01 5.241646E-02 
41 157539. 1.476000 1.139286E-02 1.051131E+02 6.52263wE-02 
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TABLE A-10 - 7075-T6 ALUMINUM CENTER CRACKED PLATE WITH R = 0.02 
No. No. of Half Crack Aa/AN AK, AS 
of Length i 




Ks i /Tn 
5.164721E+00 
Klbf/in 
1 .101000 2.873649E-04 
2 42000. .124500 5.595238E-07 5.737973E+00 3.546965E-04 
3 74500. .149750 7.769231E-07 6.298510E+00 4.273813E-04 
4 93500. .175750 1.368421E-06 6.830825E+00 5.026737E-04 
5 107000. .199500 1.759259E-06 7.286169E+00 5.719241E-04 
6 118000. .225750 2.386364E-06 7.762096E+00 6.490795E-04 
7 125400. .249750 3.243243E-06 8.176695E+00 7.202702E-04 
8 131600. .274250 3.951613E-06 8.583217E+00 7.936702E-04 
9 137617. .299750 4.237992E-06 8.991344E+00 8.709418E-04 
10 143527. .326000 4.441624E-06 9.398130E+00 9.515306E-04 
11 148021. .348500 5.006676E-06 9.737741E+00 1.021542E-03 
12 152172. .375250 6.444230E-06 1.013239E+01 1.106021E-03 
13 155927. .400500 6.724368E-06 1.049731E+01 1.187124E-03 
14 138910. .426500 8.716058E-06 1.086676E+01 1.272155E-03 
15 161442. .449250 8.984992E-06 1.118575E+01 1.347938E-03 
16 163793. .474000 1.052744E-05 1.152917E+01 1.431976E-03 
17 166182. .499500 1.067392E-05 1.187997E+01 1.520445E-03 
18 168427. .525750 1.169265E-05 1.223883E+01 1.613687E-03 
19 170260. .551750 1.418440E-05 1.259289E+01 1.708404E-03 
20 170938. .575500 3.502950E-05 1.684673E+01 3.057535E-03 
21 171901. .605000 3.063344E-05 1.737034E+01 3.250549E-03 
22 172444. .623750 3.453039E-05 1.770400E+01 3.376624E-03 
23 173081. .647500 3.728414E-05 1.812826E+01 3.540398E-03 
24 173639. .672500 4.480287E-05 1.857757E+01 3.718072E-03 
25 174180. .702750 5.591497E-05 1.912617E+01 3.940906E-03 
26 174659. .723000 4.227557E-05 1.949714E+01 4.095262E-03 
27 175114. .745000 4.835165E-05 1.990416E+01 4.268033E-03 
28 175302. .797000 2.765957E-04 2.662985E+01 7.639718E-03 
29 175422. .848258 4.270833E-04 2.790696E+01 8.390059E-03 
30 175524. .904000 5.465686E-04 2.937530E+01 9.284788E-03 
31 175598. .955000 6.891892E-04 3.075225E+01 1.018811E-02 
32 175670. 1.013750 8.159722E-04 3.245737E+01 1.134923E-02 
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TABLE A-ll - 7075-T6 ALUMINUM CENTER CRACKED PLATE WITH R = 0.50 
No. No. of Half Crack Aa/AN AK AS 
of Length 
Runs Cycles N 
0. 





1 .099750 3.187508E-04 
2 110000. .124500 2.250000E-07 3.581879E+00 3.983904E-04 
3 190000. .150000 3.187500E-07 3.985100E+00 4.808377E-04 
4 236000. .175000 5.434783E-07 4.254812E+00 5.621443E-04 
5 271000. .200500 7.285714E-07 4.559919E+00 6.456563E-04 
6 296000. .227750 1.090000E-06 4.867371E+00 7.356581E-04 
7 313500. .249500 1.242857E-06 5.101522E+00 8.081400E-04 
8 328500. .274500 1.666667E-06 5.360448E+00 8.922554E-04 
9 340500. .300500 2.166667E-06 5.620012E+00 9.807573E-04 
10 350550. .325000 2.437811E-06 5.877010E+00 1.065219E-03 
n 360050. .350750 2.710526E-06 6.099452E+00 1.155231E-03 
12 368550. .375000 2.852941E-06 6.322540E+00 1.241281E-03 
13 375300. .399750 3.666667E-06 6.545861E+00 1.330517E-03 
14 382300. .424750 3.571429E-06 6.767726E+00 1.422239E-03 
15 388800. .450000 3.884615E-06 6.988729E+00 1.516644E-03 
16 394300. .476300 4.781818E-06 7.216326E+00 1.617035E-03 
17 398800. .499750 5.211111E-06 7.417555E+00 1.708475E-03 
18 403300. •526750 6.000000E-06 7.647848E+00 1.816208E-03 
19 407300. .549250 5.625000E-06 7.839040E+00 1.908151E-03 
20 410550. .575750 8.153846E-06 8.601465E+00 2.297375E-03 
21 412550. .601250 1.275000E-05 8.832359E+00 2.422370E-03 
22 415000. .624500 9.489796E-06 9.043399E+00 2.539513E-03 
23 417000. .651000 1.325000E-05 9.285015E+00 2.677024E-03 
24 419250. .674500 1.044444E-05 9.500640E+00 2.802804E-03 
25 421250. .699000 1.225000E-05 9.727208E+00 2.938079E-03 
26 423100. .725000 1.405405E-05 9.970071E+00 3.086623E-03 
27 424930. .751500 1.448087E-05 1.022067E+01 3.243739E-03 
28 426030. .807500 5.090909E-05 1.372259E+01 5.847353E-03 
29 426630. .852500 7.500000E-05 1.429748E+01 6.347549E-03 
30 427080. .901500 1.088889E-04 1.494781E+01 6.938129E-03 
31 427508. .958000 1.130000E-04 1.573583E+01 7.688937E-03 
32 428113. 1.019000 1.144465E-04 1.664244E+01 8.600450E-03 
33 428204. 1.063000 4.835165E-04 1.926617E+01 1.152598E-02 
34 428289. 1.102250 4.617647E-04 1.999689E+01 1.241687E-02 
35 428359. 1.151000 6.964286E-04 2.096494E+01 1.364816E-02 
36 428414. 1.229000 1.418182E-03 2.268230E+01 1.597575E-02 
37 428434. 1.252250 1.162500E-03 2.324191E+01 1.677377E-02 
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TABLE A-12 - 7075-T6 ALUMINUM CENTER CRACKED PLATE WITH R = -1.0 
No. No. of Half Crack Aa/AN AK] AS 
of Length 







1 .101250 2.857746E-04 
2 55000. .124500 4.227273E-07 5.830434E+00 3.518581E-04 
3 128000. .150250 3.527397E-07 6.410798E+00 4.253926E-04 
4 197000. .174750 3.550725E-07 6.920801E+00 4.957680E-04 
5 255000. .200000 4.353448E-07 7.413030E+00 5.687971E-04 
6 285000. .224000 8.000000E-07 7.655706E+00 6.387579E-04 
7 313000. .249500 9.10714eE-07 8.304127E+00 7.137626E-04 
8 339500. .274500 9.433962E-07 8.725625E+00 7.880593E-04 
9 348250. .299500 2.857143E-06 9.132182E+00 8.632069E-04 
10 356250. .324500 3.125000E-06 9.526217E+00 9.393053E-04 
11 362750. .349750 3.884615E-06 9.913526E+00 1.017237E-03 
12 368250. .374750 4.545455E-06 1.028815E+01 1.095570E-03 
13 373250 .399500 4.950000E-06 1.065179E+01 1.174365E 03 
14 378000. .424000 5.157895E-06 1.100588E+01 1.253762E-03 
15 382250. .449750 6.058824E-06 1.137291E+01 1.338780E-03 
16 385850. .476000 7.291667E-06 1.174281E+01 1.427282E-03 
17 388750. .501250 8.706897E-06 1.209555E+01 1.514317E-03 
18 391100. .524500 9.893617E-06 1.241846E+01 1.596250E-03 
19 393200. .550000 1.214286E-05 1.277132E+01 1.688252E-03 
20 394000. .576000 3.250000E-05 1.7.2676E+01 3.036102E-03 
21 394600. .602250 4.375000E-05 1.760008E+01 3.206234E-03 
22 395100. .625500 4.650000E-05 1.802040E+01 3.361202E-03 
23 395700. .648500 3.833333E-05 1.843793E+01 3.518766E-03 
24 396250. .674500 4.727273E-05 1.891287E+01 3.722378E-03 
25 396740. .698500 4.897959E-05 1.935486E+01 3.877445E-03 
26 397140. .749500 1.275000E-04 2.030905E+01 4.269186E-03 
27 397510. .750000 1.351351E-06 2.031852E+01 4.273170E-03 
28 397840. .865000 3.392330E-04 2.878992E+01 8.579200E-03 
29 397993. .918250 3.697917E-04 3.021660E+01 9.450551E-03 
30 398046. .953000 6.556604E-04 3.118787E+01 1.006786E-02 
31 398094. .998250 9.427083E-04 3.250828E+01 1.093840E-02 
32 398122. 1.070000 2.562500E-03 3.861725E+01 1.543578E-02 
33 398140. 1.191500 6.750000E-03 4.347130E+01 1.956010E-02 
34 398145. 1.257500 1.320000E-02 4.655038E+01 2.242912E-02 
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TABLE A-13 - 7049 ALUMINUM CENTER CRACKED PLATE WITH R = 0.02 
No. No. of Half Crack   Aa/AN AK, AS 
of Length i 
Runs Cycles N 
0. 





1 .099750 2.903732E-04 
2 59700. .125250 4.271357E-07 5.820221E+00 3.65126rE-04 
3 96700. .150000 6.689189E-07 6.374852E+00 4.380305E-04 
4 129200. .174500 7.538462E-07 6.882780E+00 5.106132E-04 
5 155200. .200250 9.903846E-07 7.382364E+00 5.874286E-04 
6 178200. .225500 1.097826E-06 7.845042E+00 6.633684E-04 
7 197700. .250000 1.25641OE-06 8.273030E+00 7.377231E-04 
8 214238. .274750 1.496553E-06 8.688060E+00 8.135980E-04 
9 227737. .300000 1.870509E-06 9.096497E+00 8.918927E-04 
10 238837. .324250 2.184685E-06 9.476803E+00 9.680281E-04 
11 248537. .350000 2 554639E-06 9.869869E+00 1.049995E-03 
12 257086. .374750 2.895075E-06 1.023890E+01 1.129980E-03 
13 264587. .400000 3.366218E-06 1.060801E+01 1.212920E-03 
14 271086. .425250 3.885213E-06 1.097097E+01 1.297341E-03 
15 277086. .449250 4.000000E-06 1.131131E+01 1.379082E-03 
16 282586. .475500 4.772727E-06 1.167945E+01 1.470311E-03 
17 287135. .500000 5.385799E-06 1.20201OE+01 1.557330E-03 
18 290787. .525750 7.050931E-06 1.237596E+01 1.650905E-03 
19 294187. .550500 7.279412E-06 1.271670E+01 1.743064E-03 
20 295688. .575750 1.682212E-05 1.703973E+01 3.129604E-03 
21 296688. .599500 2.375000E-05 1.746576E+01 3.288056E-03 
22 297688. .625000 2.550000E-05 1.792432E+01 3.462976E-03 
23 299092. .651000 1.851852E-05 1.839402E+01 3.646848E-03 
24 300182. .674500 2.155963E-05 1.882125E+01 3.818220E-03 
25 301103. .699500 2.714441E-05 1.927936E+01 4.006355E-03 
26 302129. .726500 2.631579E-05 1.977929E+01 4.216827E-03 
27 302930. .749000 2.808989E-05 2.020077E+01 4.398454E-03 
28 303529. .799000 8.347245E-05 2.697470E+01 7.842913E-03 
29 304078. .848250 8.970856E-05 2.821563E+01 8.581115E-03 
30 304605. .897750 9.392789E-05 2.951299E+01 9.388380E-03 
31 305003. .947500 1.250000E-04 3.087816E+01 1.027701E-02 
32 305318. 1.002000 1.730159E-04 3.245830E+01 1.135575E-02 
33 305480. 1.041750 2.453704E-04 3.741833E+01 1.509153E-02 
34 305639. 1.085000 2.720126E-04 3.897256E+01 1.637126E-02 
35 305774. 1.138000 3.925926E-04 4.101189E+01 1.812942E-02 
36 305897. 1.202250 5.223577E-04 4.372257E+01 2.060514E-02 
37 305995. 1.259250 5.816327E-04 4.639498E+01 2.320098E-02 
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TABLE A-14-7049 ALUMINUM CENTER CRACKED PLATE WITH R = 0.50 
No. No. of Half Cracl k   Aa/AN A^ AS 
of Length 
Runs Cycles N 
0. 





1 .102550 3.161544E-04 
2 100000. .127750 2.525000E-07 3.563929E+00 3.946113E-04 
3 180000. .150000 2.781250E-07 3.864870E+00 4.640674E-04 
4 242000. .175000 4.032258E-07 4.178895E+00 5.425431E-04 
5 289000. .199500 5.212766E-07 4.467166E+00 6.199769E-04 
6 329000. .224500 6.250000E-07 4.745424E+00 6.996188E-04 
7 362000. .250500 7.878788E-07 5.020956E+00 7.832207E-04 
8 387990. .273500 8.849558E-07 5.254948E+00 8.579228E-04 
9 412890. .298500 1.004016E-06 5.500620E+00 9.400146E-04 
10 436990. .324000 1.058091E-06 5.743381E+00 1.024818E-03 
11 456220. .351000 1.404056E-06 5.993234E+00 1.115922E-03 
12 467720. .373500 1.956522E-06 6.196710E+00 1.192982E-03 
13 479220. .399500 2.260870E-06 6.427373E+00 1.283448E-03 
14 487720. .426000 3.117647E-06 6.658403E+00 1.377373E-03 
15 493220. .450000 4.363636E-06 6.864769E+00 1.464075E-03 
16 499270. .473500 3.884298E-06 7.064737E+00 1.550613E-03 
17 504800. .500000 4.792043E-06 7.288331E+00 1.650318E-03 
18 509040. .524500 5.778302E-06 7.493773E+00 1.744666E-03 
19 512820. .550000 6.746032E-06 7.706802E+00 1.845269E-03 
20 515770. .574000 8.135593E-06 8.434119E+00 2.209993E-03 
21 518470. .601000 1.000000E-05 8.674480E+00 2.337751E-03 
22 520870. .624000 9.583333E-06 8.879758E+00 2.449704E-03 
23 523220. .647500 1.000000E-05 9.090376E+00 2.567291E-03 
24 526000. .650000 8.992806E-07 9.112849E+00 2.580000E-03 
25 527680. .701000 3.035714E-05 9.575065E+00 2.848360E-03 
26 529480. .727500 1.472222E-05 9.818824E+00 2.995231E-03 
27 530980. .749500 1.466667E-05 1.002354E+01 3.121431E-03 
28 532580. .798000 3.031250E-05 1.336703E+01 5.551129E-03 
29 533890. .846000 3.664122E-05 1.396712E+01 6.060730E-03 
30 535170. .896000 3.906250E-05 1.461717E+01 6.638013E-03 
31 536280. .948500 4.729730E-05 1.533299E+01 7.304076E-03 
32 537180. .999000 5.611111E-05 1.606012E+01 8.013258E-03 
33 537680. 1.053500 1.090000E-04 1.877291E+01 1.094900E-02 
34 538178. 1.123000 1.418367E-04 2.006002E+01 1.250184E-02 
35 538350. 1.152000 1.611111E-04 2.063763E+01 1.323217E-02 
36 538530. 1.196500 2.472222E-04 2.157848E+01 1.446615E-02 
37 538680. 1.242500 3.066667E-04 2.263082E+01 1.591153E-02 
38 538760. 1.312500 8.750000E-04 2.442144E+01 1.852908E-02 
39 538810. 1.352500 8.000000E-04 2.556968E+01 2.031243E-02 
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TABLE A-15 - 7049 ALUMINUM CENTER CRACKED PLATE WITH R = -1.0 
No. No. of Half Cracl k   Aa/AN A^ AS 
of Length 







1 .098000 2.688430E-04 
2 50000. .125500 5.500000E-07 5.770286E+00 3.448139E-04 
3 83000. .149500 7.272727E-07 6.303178E+00 4.114426E-04 
4 113000. .174500 8.333333E-07 6.816922E+00 4.812457E-04 
5 137500. .199000 1.000000E-06 7.288428E+00 5.501205E-04 
6 160250. .225250 1.153846E-06 7.765631E+00 6.245160E-04 
7 176450. .249000 1.466049E-06 8.177048E+00 6.924417E-04 
8 191200. .274750 1.745763E-06 8.605124E+00 7.668393E-04 
9 203700. .299500 1.980000E-06 9.001848E+00 8.391768E-04 
10 214700. .324750 2.295455E-06 9.394145E+00 9.139126E-04 
11 222950. .349000 2.939394E-06 9.760958E+00 9.866770E-04 
12 231050. .375000 3.209877E-06 1.014517E+01 1.065882E-03 
13 237800. .400000 3.703704E-06 1.050723E+01 1.143318E-03 
14 243000. .424000 4.615385E-06 1.084919E+01 1.218948E-03 
15 247500. .449250 5.611111E-06 1.120413E+01 1.300008E-03 
16 251350. .474750 6.623377E-06 1.155858E+01 1.383563E-03 
17 254350. .501750 9.000000E-06 1.193058E+01 1.474055E-03 
18 256550. .524000 1.011364E-05 1.223534E+01 1.550323E-03 
19 258900. .548750 1.053193E-05 1.257315E+01 1.637111E-03 
20 259900. .576000 2.725000E-05 1.688409E+01 2.952199E-03 
21 260851. .603250 2.865405E-05 1.736877E+01 3.124124E-03 
22 261552. .624250 2.995720E-05 1.774325E+01 3.260292E-03 
23 262352. .650000 3.218750E-05 1.820442E+01 3.431973E-03 
24 263130. .675000 3.213368E-05 1.865509E+01 3.604000E-03 
25 263830. .699750 3.535714E-05 1.910494E+01 3.779912E-03 
26 264532. .725250 3.632479E-05 1.957315E+01 3.967452E-03 
27 265164. .749750 3.876582E-05 2.002836E+01 4.154136E-03 
28 265588. .800750 1.202830E-04 2.677048E+01 7.421655E-03 
29 265969. .849250 1.272966E-04 2.798438E+01 8.110013E-03 
30 266299. .900000 1.537879E-04 2.930661E+01 8.894497E-03 
31 266621. .952250 1.622671E-04 3.073529E+01 9.782834E-03 
32 266869. 1.007000 2.207661E-04 3.232072E+01 1.081813E-02 
33 266978. 1.053250 4.243119E-04 3.749318E+01 1.455777E-02 
34 267076. 1.098000 4.566327E-04 3.911865E+01 1.584740E-02 
35 267155. 1.148500 6.392405E-04 4.108501E+01 1.748062E-02 
36 267229. 1.200500 7.027027E-04 4.328258E+01 1.940066E-02 
37 267288. 1.278500 1.322034E-03 4.698548E+01 2.286217E-02 
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APPENDIX III 
CRACK GROWTH AND RATE RELATIONS FOR 300M STEEL, Ti-6A£-4V TITANIUM 
AND 7075-T6 ALUMINUM 
-84- 
3.5 
1                ! 1  1             —\  
*~ 3.0 
R=-I.O 
,   0.02 0.50     - 
"o 
e*5 





-«  1.5 








0 1                 1                 1 i         i 
0 10       20       30      40       50       60 
N Cycles (xlO"4 ) 
Figure A-l - 300M steel center cracked plate fatigue crack growth 
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Figure A-7 - Ti-6A£-4V titanium center cracked plate fatigue crack 
growth rate 
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FATIGUE PARAMETERS FOR AK-, AND AS MODEL FOR FIVE METAL ALLOYS 
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